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Support has been obtained f o r  the concept t h a t  potent c a t a l y s t s  can 

be developed f o r  use i n  arc j e t  propulsion uni t s ;  t h i s  leads t o  an ex- 

pected increase i n  the propellant spec i f i c  impulse i n  such un i t s .  

About twenty materials have been tested f o r  t h e i r  e f fec t iveness  i n  
catalyzing the recombination of hydrogen atoms. The experiments have 

been ConaLcted generally over the temperature range 300-570°K and a t  pres- 

sures  of 0.2 t o  1.0 mm Hg. 

rapid,  second order reaction 'with hydrogen atoms, evidence f o r  c a t a l y t i c  

a c t i v i t y  has been found. 

r a t e  of hydrogen atom disappearance, determining the number of cycles  of 

atom recombination i n  which each c a t a l y s t  molecule was involved and from 

observation of the  pr-ssure independence of rate constants.  It is a de- 

duction from experiment t ha t  potent a c t i v i t y  is  demonstrated a t  tempera- 

tu res  g rea t e r  than 500'K. 

For ten materials which underwent an overa l l ,  

This evidence w a s  obtained by measuring the 

Activation energies, pre-exponential and s ter ic  f ac to r s  have been 

obtained f o r  the rapid overa l l  react ions of hydrogen atoms with ethylene, 

a l lene ,  1,3-butadiene, benzene, cis-butene-2, acetylene, propylene and 

vinyl chloride.  Extrapolation of the da ta  ind ica tes  t ha t  one mole per- 

c e n t  of the b e t t e r  ca t a lys t s  can increase the homogeneous rate of atom 

recambination by f i v e  orders of magnitude over the three body hydrogen 

acorn recombination rate. 

Pa r t i cu la r  a t t en t ion  was given to  the contribution of surface 

phenomena; the assumption of a Langmuir type sorp t ion  isotherm w a s  con- 

s i s t e n t  with the experimental da t a  and permitted the gas phase and sur -  

face reac t ions  t o  be distinguished. 

It is recommended t h a t  extension of the work rsported here be 

d i rec ted  toward developing high temperature means of atom de tec t ion  and 

performing de ta i l ed  product analyses on reac t ion  flow systems. 

jet heater and nozzle apparatus would also offer considerable advantage 

An arc 

i n  high temperature work, 

1 '  



I. Zntroduc tion 

A. Motivation 
The performance of supersonic expansion nozzles that depends 

upon exothermic reactions in the propellant stream usually involves 
termolecular reactions between simple chemical species. 

molecular reaction rates are orders of magnitude smaller than bimolecular 
reaction rates. 

foreign gaseous material is an important consideration in chemical, heat 
transfz-r nuclear, and electrothermal arc jet propulsion devices that hao 

Such ter- 

The homogeneous catalysis of tennolecular reactions by 

not yec been adequately investigated. 
The performance potential of hydrogen propellant according to 

ttr . ,ynamic considerations i s  plotted in Figure I. The solid line 
re?rzkcnts the perfor-ace if chemical equilibrium is maintained when 
the ?:,peflant expands while the dashed lines refer to expansion with com- 
pc.: 

The .. 

heate and atom recombination in the nozzle. It increases'with de- 
creasrng heater pressure until complete dissociation of hydrogen occurs 

in the heater. 
nozzle, the propellant specific impulse is only a little higher than in 
the absence of dissociation-recombination phenomena at higher pressure. 
(See X g .  1). Therefore, if frozen flow were allowed in the nozzle, a 
substantially greater quantity of energy and weight of energy source 

,n fixed at the equilibrium condition in the heater (frozen flow). 
formance increment is due to hydrogen molecule dissociation in the 

0 
If recombination of atoms does not take place in the 

~ o u l c  be required to produce the sane performance as obtained with chemical 

equi, nrium flow. 
The reacting hydrogen propellant phenomena could be used to 

obtain a relatively high propellant specific impulse for a given heater 
temperature. The development required to attain this potential advan- 

tage lies in two areas: (I) the design of optimum nozzle contours and 
(2) the catalysis of hydrogen atom recombination. The second phase of 
i'rte work was supported by contract NAS 8-2534. 

results will be presented here in order to indicate the performance gain 

that could be attained with catalysts. 

However, some nozzle 

2 



The nozzle concept represented i n  Figure 2 must be understood 

before the results on ca t a ly t i c  propellants become meanidgful. The 

chemical energy is largely released i n  the upstream portion of the nozzle. 

This chemical energy release r e su l t s  i n  a subs tan t ia l  reduction of the 

rate of temperature decrease i n  the nozzle compared t o  the frozen flow 

case. 
energy is feas ib le ,  the extent of hydrogen atom recombination i e  in- 
c reaL=d by a la rger  react ion rate due t o  ca t a lys i s  and by the optimum 

nom16 contour. 

In the f i r s t  port ion of the nozzle where conversion of chemical 
4 

The chemical energy thereby released maintains a high 

propeilant temperature; the resu l t ing  sensible  enthalpy must be converted 

to  j e t  k ine t ic  energy i n  the second portion of the nozzle. 

enthLlPY associated with a 15000'K rise i n  temperature fo r  hydrogen i s  
approxiinatsly equivalent t o  the energy released on recombination of hy- 

drogel atoms per mole. In  the case of electrothermal arc j e t  propul- 

sion devices, the f r ac t ion  of energy loss due to  heat t ransfer  t o  the 

nozzle w a l l s  tends t o  be high, and therefore the sensible  energy i n  

f roze .  flow systems is extensively diss ipated i n  a r e l a t ive ly  small 

nozzls. Chemical energy release could markedly increase the nozzle 

disc-.;rge velocity.  

The sensible  

0 

The achievabir spec i f ic  impulse with the react ing propellant 

is - .-,bject for  f u t u r e  s tudies .  However, the amount of chemical re- 
- . l i .s~~iation i n  a given nozzle length is indicated i n  Table I. The cal- 

culat ions are based on a one dimensional invicid adiabat ic  expansion 

o i  dissociated hydrogen i n  a given conical nozzle geometry. 

assumptions would not be expected to  reduce the calculated amount of 

chemical conversion in the nozzle. 

recombination takes place i n  the absence of a ca t a lys t .  

These 

The results show t h a t  very l i t t l e  

However, an 

optimum e f f e c t  fo r  a ca t a lys t  present i n  about one percent concentra- 

t ion is  predicted to  lead to  0.38 pound of atom recombination per 

pound of propellant i n  a nozzle tha t  is 8 c m  long. The amount of 

ener -v  associated with t h i s  conversion is equivalent t o  a sensible  

enthelpy change resu l t ing  from a 5700'K rise per mole of hydrogen. 

3 



For a f a i r  ca t a lys t ,  the conversion is approximately one quarter  of t ha t  

f o r  the optimum ca ta lys t ;  the rate constant fo r  the lat ter is two orders > 

e 
of magnitude grea te r  than tha t  of the former. 

expansion r a t i o  of about 30 a t  the 8 c m  point w i t h  the f a i r  c a t a l y s t  

would r e s u l t  i n  a 0.18 pound of atom recombination; t h i s  is about t w i c e  
as la rge  as the conversion obtained by using the f a i r  ca t a lys t  under the 

nozzle conditions specif ied i n  Table I. 
the absence of ca t a lys t  is very small i n  the two nozzle geometries. 

However, the use of an 

The amount of recombination in .r 

B. Previous Work 

The above r e s u l t s  show tha t  hydrogen atom c a t a l y t i c  e f f e c t s  

can subs tan t ia l ly  contribute toward electrothermal arc j e t  propulsion 

performacce. The basic chemical k ine t ic  information tha t  was avai lable  

p r io r  t o  this invest igat ion was scanty. 

studied under a very l imited range of conditions. 

void on hydrogen atom recombination technology were the experimental 

d i f f i c u l t i e s  and lack of incentive to  perform the s tudies .  

Only a few materials had been 

The reasons f o r  the 

The homogeneous ca t a lys i s  of hydrogen atom recombination has 
been reported by a few authors (Refs. 1-5). It was found tha t  the re- 
combination of hydrogen atoms could be catalysed with a small concen- 

LzGtion of acetylene with only r e l a t ive ly  small quant i t ies  of hydro- 

genated products being formed. 

; ~ O U L ~  to  be proportional t o  the f i r s t  power of the concentrations of 
hydrogen atoms and of acetylene molecules. 

o 

The recombination of hydrogen atoms was 

The data obtained did not 

es tab l i sh  the mechanism f o r  the increased rate of hydrogen atom recom- 

bination, but the following react ion path was suggested: 

' 

H + C2H2 C 2 s  

H + C2H3 -. H2 + C2H2 

The acetylene in t e rac t s  with the hydrogen atoms t o  form a sequence of 

bimolecular co l l i s ions  which are, according to Figure 3, orders of 

magnitude more frequent than the termolecular. The ultimate c a t a l y t i c  

0 
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e f f e c t  would be roughly the difference between the two c o l l i s i o n  f r e -  

quencies mult ipl ied by the r a t i o  of the c a t a l y s t  t o  hydrogen a t o m .  

ul t imate  c a t a l y s t  e f f e c t  w a s  not  achieved with acetylene,  and the f a c t o r s  

a f fec t ing  the c a t a l y s t  e f f ic iency  were not  i den t i f i ed .  

The c a t a l y s i s  of 0 ,  I, and N atom recombinations were s tudied 

The 

more extensively (Refs. 6-14) but the information on potent c a t a l y s t  

e f f e c t s  is  not  s ign i f i can t ly  more advanced than i n  the case of Xi-atoms. 
Non-equilibrium nozzle flow has been s tudied  by a number of in- 

vest igators .  A recent  study (Ref. 20)  has been performed t h a t  assumes an 
i n i t i a l  equilibrium d i s t r ibu t ion  of species  involved i n  a carbon-hydrogen 

system followed by a non-equilibrium expansion of the system. 

numbers of chemical species,  chemical reac t ion  models and orders  of magni- 

tude of react ion r a t e  constant da ta  were assumed. 

dicated the need f o r  experimental reac t ion  rate da ta  f o r  the  species 

considered. However, i t  is possible  i n  p r inc ip l e  to  design a c a t a l y s t  

k j e c t i o n  sys t em tha t  w i l l  introduce a non-equilibrium system of c a t a l y s t  

before nozzle expansion. Therefore, the scope of an experimental program 

on ca t a lys i s  should be r e s t r i c t e d  to  the species considered i n  the  re- 

port .  

Various 

The study c l e a r l y  in-  

The optimum amount of c a t a l y s t  t h a t  should be added la rge ly  de- 

pends upon the molecular weight of the mater ia l .  An increase i n  c a t a l y s t  

concentration from one-hundredth to  one-tenth mole percent could increase 

the r a t e  of atom recombination by ten-fold,  but the molecular weight of 

the propel lant  would normally be increased by only a s l i g h t  amount. 

However, a t  one mole percent c a t a l y s t  concentrat ion fo r  a mater ia l  having 

a molecular weight of 16, the molecular weight of the propel lant  would 

increase by 77. while a ten mole percent concentrat ion would increase 

the propellant molecular weight by 7W.. Clear ly  i t  is  important to  

maintain a c a t a l y s t  concentration i n  the range below one mole percent.  



C .  Scope of the Current Work 

For the catalysis of hydrogen atom recombination in the 

electro-thermal arc jet propulsion units, the discovery of catalysts and 
of the degree to which they simulate an ultimate catalyst are major con- 

cerns. In this study, the gross determination of potent catalysts wa8 

stressed; the problems of the activity and stability of catalysts at 

very high temperature were not included. It should be noted that cat- 
alytic action is required downstream from the throat where the tempera- 

ture is considerably lower than in the heater section. Calculated down- 

stream nozzle temperatures are shown in Table I. In practice, the 

temperature would be even lower because of heat transfer loss .  Also, 

:ne behavior of a catalyst species, which is stable to very high tem- 

peratures, could be reasonably predicted from the results of the present 

program. Continuation of this program, however, would require a de- 

,ailea study of the chemistry involved in catalyst activity and decom- 

pdsition at very high temperatures in order to develop the reacting 

hydrogen propellant. 

There are several requirements which a material must satisfy 

in order to be considered an ideal catalyst. In the first place, it 

must remain chemically unaltered after the recombination of the two 

hydrogen atoms in which it participated. In this way, the material can 

be involved in many recombinations while present in small quantity. 

Secondly, it must take part in a bimolecular process with hydrogen 

atoms thus providing a large increase in the frequency of potentially 

effective collisions as demonstrated in Figure 3 .  Finally, the overall 

reaction must be very fast indicating that a large number of the col- 

lisions were effective. 

0 I 
5 -A 



t 

IXI t he  present work, emphasis w a s  placed on the  detect ion of 
rapid,  second order react ions resu l t ing  from the addi t ion of po ten t i a l  

catalysts t o  a flow system. These expe rben t s  were car r fed  out  over a 

range of temperatures which permitted the evaluatlon of f a c t o r s  necessary 

t o  e s t a b l i s h  a general  r e l a t i o n  between the react ion rate constant and 

the temperature. 

ponent ia l  f ac to r  A and the ac t iva t ion  energy E, are re l a t ed  to the rate 
constant  by the expression 

These fac tors ,  the temperature independent preex- 

2 .2s  re la t ionship  may be used t o  estimate the rate constant a t  tempera- 

:KL , outs ide  the range of measurement f o r  elementary react ions and f o r  

L.X~ complex systems when ce r t a in  r e s t r i c t i o n s  are recognized. 

If the ca t a lys t  is involved i n  many cycles of recombhation, 

then she r a t i o  of hydrogen atoms disappearing t o  c a t a l y s t  molecules 

added would be qui te  large.  The r a t i o  should c l e a r l y  exceed t h a t  ex- 
peczed on the bas i s  of any reaction mechanism which required only the 

consumption of reactants .  Consequently, the f a t e  of the po ten t i a l  cat- 

alyst may be followed by determining t h i s  r a t io .  

~ e C r  i n  the present work s ince the required da ta  can be obtalned from 

t h s  experimental procedure out l ined below. 

This method has been 

D. Outline of the  Report 
Following a descr ipt ion of the  experimental aspects, there 

The d e t a i l s  of these is  a general  sec t ion  on procedures and results. 

top ics  have been relegated t o  the appendix. 

t a in ing  the discussion and conclusions, several  recommendations f o r  

fu r the r  work are set for th .  

followed but they were avoided through a strict adheqence t o  the work 

statement of the  contract .  

After the sec t ions  con- 

Some of these could have been concurrently 

11. Experimental 

The experiments were conducted in the system sketched Ln 

It consis ted of a pyrex flow tube, 50 cm long and 5.3 c m  i n  

A t  the  hydrogen lnlet end was attached a tube of 2.6 cm dia- 

FipLre 4. 
d i a e t e r .  

meter and 20 c m  length. In t h i s  sect ion a discharge was maintained in 

6 
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the  hydrogen stream by means of two 2450 MC diathermy u n i t s  in order t o  

generate hydrogen atoms. Downstream, approximately 20 cm, w a s  an i n l e t  

fo r  c a t a l y s t  addition. 

with Wrede gauges inser ted i n  por t s  fu r the r  downstream. 

The concentration of hydrogen atoms w a s  measured 

A sketch of a Wrede gauge (18,19) is shown i n  Figure 5 ,  On 

the bulb are small (m 15p diameter), w e l l  spaced holes through which 

hydrogen atoms and molecules d i f fuse  from the main flow stream. The 

channel length is about 20p so t ha t  l i t t l e  recombination occurs on the  

channel w a l l .  

hydrogen atoms entering, recombine. As a r e s u l t ,  i n  the  steady flow state, 
molecules and atoms en ter  the bulb whereas only molecules d i f fuse  out .  

Bec& 2 of the recombination inside the bulb, the pressure decreases; the 
d i f f .  -rice i n  pressure created across the bulb holes is proportional t o  

the .rogen atom concentration provided the temperature i e  the same 

everymere.  

be measured and t h e i r  difference obtained. 

desc;-iaed below had response times of less than one minute when there  were 
at le,st six holes on the bulb. 

The platfnum ca ta lys t  i n s ide  the bulb insures  t h a t  a l l  the 

By means of the stop-cock, (see Fig,  5 )  the  two pressures may 

The gauges used i n  the work 

Capi l lary flowmeters were used t o  measure gas flow rates and 

l e & -  Yalues t o  regulate  them. Pressures were general ly  determined with 

P i r a n i  gauges; temperatures were measured with thermocouples inser ted  

-I g-ass wells project ing in to  the gas flow stream. The flow tube w a s  

; ,ested by neans of a nichrome w i r e  s p i r a l l y  wound on the tube. 

3: -.le gases through the heated tube brought them rapid ly  t o  the  desired 

temperature before reaction. 

Passage 

.The upper l i m i t  t o  the temperature range was  determined by 

two fac tors .  

tu re .  P a r t  of the decreased production w a s  due t o  f a s t e r  recombination 

on the w a l l  s ince external  cooling of the w a l l s  i n  the'discharge region 

r e su l t ed  i n  increased atom signals .  

concentration a t  the higher temperature w a s  made d i f f i c u l t  because of a 

background s igna l  due t o  the thermal gradient  along the Wrede gauge body. 
The t i p  w a s  inser ted  in the heated gas stream &ereas the P i r a n i  gauge 

w a s  maintained a t  room temperature. 

F i r s t ,  fewer atoms were generated at  the higher tempera- 

Secondly, the de tec t ion  of the  atom 

As 8 consequence of these restric- 
- t ions ,  no measurements were made above 570%. 



0 The upper pressure limit was about 0.7 mmHg because it was nec- 

* essary to maintain diffusional flow across the Wrede gauge holes. This 
follows from the condition that, to have diffusion only, the gas mean 
free path should be about ten times the diameter of the opening through 
which gas passes. Nevertheless, some measurements were made at pres- 
sures of 1 rmn Hg apparently without effecting the results. 
pressure at which the microwave discharge could be sustained was 0.15 umLIg. 

The 10weSC 

111. Procedures and Results 
A. Treatment of Data 

In conducting the experiments with a variety of reactants, an 
important contribution from surface reactions was observed. As the con- 

centr;;ion of catalyst is an important variable in the experiments, it is 
nece -ary to indicate the simultaneous effect of this variation on both 
the _drface and gas phase reactions. Experimentally, the hydrogen atom 
cocc,utration is measured and the rate of atom disappearance calculated. 
Tne ,enera1 rate expression can be written as 

where (H) is the concentration of atoms in moles and g and s denote 

the gas and surface reactions, respectively. 
In the absence of catalyst, recombination of hydrogen atoms 

occurs on the surface and is found to be first order in the atom con- 
centration (Ref. 15). In the presence of catalyst additional recom- 
,nation occurs which depends on the quantity of sorbed catalyst as well 

as the hydrogen atom concentration. 
concentrations which I s  consistent with the results of these studies, 

equation (2) becomes 

For a first order dependence on both 
4 
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-1 where ks in sec 

centration of sorbed catalyst in mole cm 

the Langmuir form, 

is the surface rate constant in the absence of catalyst, 
2 -1 -1 

, -2 
in cm mole sec , that in the presence of catalyst, and Cs, the con- kc= . For a sorption isotherm of 

m l o ( s )  
I C +  (C) 

where (C) is the catalyst concentration in mole ~m'~, (S), the number of 
sorption sites and K = ( C ) ( S ) / ( C  ), the equilibrium constant for the de- 
sorption. 
(d(H)/dt)s is independent of the catalyst concentration and the variation 

of the latter may be used in evaluating (d(H)/dt) . 

8 

When (C) is large compared to K, (Cs) is constant; thus 

g 
In the absence of any measurable gas phase reaction and when 

t; zs known, equation (3) and equation (4) gives 
8 

cs (S)(C),  .I k ' ( C )  - d h(H) I k 
dt K + (C) K + (C) 

-1 where k' is in sec As an example of the agreement between experiment 
and the zssuned sorption isotherm, data from the methyl alcohol-hydrogen 

atom system are plotted in Fig, 6 along with a curve derived from equa- 
tion (5) by using k '  = 11.4 sec 

. 

-1 -3 and K = 5.4 x 10-12mole cm . 
In the presence of a gas phase reaction with an accompanying 

surface catalyzed reaction, the rate of atom disappearance does not re- 
main constant at large catalyst concentrations as in the methyl alcohol 

experiment, but continually increases. 
Zig. 7 where data from an ethylene experiment have been plotted according 
to the equation 

An example of this is shown in 

k'(C) - - 
k (C) + IC + (c) dt C 

3 -1 . -1 where k is the gas phase rate constant in cm mole sec and the term 
d ln(H)/dt has been corrected for the contribution from ks. This ex- 

pression assumes a second order gas phase reaction which is justified 

C 

0 
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below. According to equation ( 6 ) ,  an extrapolation to (C) = 0 from 
the region of large (C), gives k' as the intercept; hence k' = 10.5 sec 

From the initial slope, it is estimated that K = 1.75 x 10-12mole cm . 
Using these values for the constants, the sorption isotherm for ethylene 

was drawn as a dotted line in Fig. 7. 
perimental and the sorption curve is used to calculate the gas phase re- 

action rate constant. 
the slope of the experimental curve at large catalyst concentrations. 

-1 . 0 
* -3 

The difference between the ex- 

* The same result is achieved directly by evaluating 

In all the experiments it was possible to vary the catalyst 
concentration over a wide range. 
where a first order dependence on catalyst concentration is demonstrated. 
On zhe other hand, due to the considerable destruction of hydrogen atoms 
by way of surface reactions, no such variation in atom concentration could 

be made. Tne dependence on atom concentration was indirectly arrlved at 
by varying the total pressure in some cases. For ethylene and 1,3-buta- 
diene, measurement was carried out in the pressure range, 0.2 l~pll to 1.0 

A typical result is shown in Fig. 7 

~ g .  In both cases the rate constant was invarient within experi- 
mental error. Therefore, in general, data were treated according to the 
ratc exprsssion 

0 

+ ks (H) 
K + (C) - do = kc(C)(H) + dt (7) 

B. Diffusion Effects 
Two possible corrections to the experimental data arise from 

back diffusion of the catalyst and forward diffusion of hydrogen atoms. 

The former correction is important because in measuring atom concentra- 
tion change, one reference point was the catalyst inlet position. For 
this effect, the following approximation was made. 

L 

If to the hydrogen atom stream, the added reactant is a true 
catalyst with an inlet concentration (C ), then its concentration down- 

st r tm may be taken as (C ) by neglecting any small concentration of 

catalyst intermediates. To the rear of the catalyst inlet, however, 
the concentration will decrease as a result of the competition between 

0 

0 
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0 diffusion backward and mass flow forward. In the steady state, 

(C) v = 0 

-2 -1 
where J and JM, in units of mole cm sec 

fusion and mass, respectively, Dc, in cm sec 
of catalyst in hydrogen and V, in cm sec , the linear flow velocity. 
The radial concentration of catalyst is assumed to be constant. 
of equation (8) gives 

, are the fluxes for dif- 
2 -1 
-1 

D 
, the diffusion constant 

Solution 

The dstance rearward, x for which the effective catalyst concentra- 

tion is (Co), is 
r' 

and the total time during which hydrogen atoms are mixed with catalyst 

-1 at concentration (Co) is (X + Xr)V . Consequently, the corrected re- 
action time used in the calculations of rate constants is, after 

solution of equation (lo), 

4 

For a given catalyst concentration, the diffusion of hydrogenatoms is 
fully described by the following equation which is obtained from a 

material balance for a volume element in a flow tube in which radial 

diffusion can be neglected. 



- V 9 - k(H)  = 0 a2 H 
DH 

where k - kc(C) + k’(C)/K+(C) + Iss. Solution of t h i s  equation with the  

following boundary conditions (H) = (Ho) at x = 0 aad (H) = 0 at x = -, 
and rearrangement y ie lds  

where fco is  the diffusion corrected rate constant.  

correct ion term k DV 
phase c a t a l y t i c  react ion is 

The ratio of the 
2 -2 t o  k f o r  typ ica l  operating conditions in a gas 

I 

0 In  view of the e r r o r  analysis  presented below, t h i s  correct ion has not  

been applied t o  the data  reported here. 

C. Volume Change 

Reactions generally proceed a t  constant o r  very near ly  con- 

scar‘t pressure i n  flow systems. 

during the reaction, t h i s  must be taken i n t o  account. 

system the pressure could be considered constant and the f r ac t iona l  

change i n  volume described by 

Therefore i f  a change i n  volume occurs 

In  the present  

where V 
Vo,H2, the volumes corresponding t o  hydrogen atoms and molecules p r i o r  

t o  react ion,  v, the  number of  moles of H2 formed from one mole of  H, 
and (HZ)‘, the concentration of 

(H). 

i s  the i n i t i a l  volume, V, the volume a f t e r  react ion,  V 
0’ o’H 

and 

molecules formed by recombination of 

I f  Vo,H/Vo is taken as 0.05, a typica l  value, then V/V is 0.99; 
the volume change may thus be neglected without introducing 0 appreciable 

e r ror .  

I 
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D. Error Analysis 

The analysis of the random error follows.. For a catalytic 
gas phase reaction having a rate expression given by 

- d(fI) = k (C) (H), (16) dt C 

i the rate constant, in the integrated form of equation (16) becomes 

(17) 
k = kc(Ho,H,C,to,t) = (t-to) -1 (C) -1 In H0Ii-' 
C 

from which, assuming the relative errors in H and t to be the same as 
those for H and t, respectively, the square of the relative error in  k 
can be shown to be 

0 0 

C 

(21 P (q2 + (F) 2 + (2 AH/H ) 2 
In Ho/H 

i chis form, t has been set at zero. The evaluation of the various 

terms in equation (18) is described in detail in the appendix for typical 

flow situations. When this is done kk /k becomes 0.25. This compares 

favorable with the value of 0.15 computed directly from experimental data 
for those cases in which duplicate experiments were performed (see Tables 

XXV11 and XXVIII, LVII and LXI). 

0 

c c  

The other important quantity derived from the experiments is the 

activation energy, E. -The error in this quantity, to a good approxi- 
mation is 

Substitution of &-/k- = 0.25 yields d/i = 0.25 where is the average 

activation energy 

1 rate constants k 

c ; L :  

over the temperature range 

and k2. 

T to T with corresponding 1 2 
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E. Results 

1. Gas Phase Reactions 

In  Tables I1 and I11 are summarized the  r e s u l t s  of the 

present  invest igat ion.  Table I1 includes a l l  those reac tan ts  s tudied 

over a temperature range whereas, those l i s t e d  i n  Table I11 were used 

only a t  one temperature. When no gas phase reac t ion  was  detected, an 

upper limit t o  the expected second order react ion rate constant is given. 

The da ta  from Table I1 can be used t o  determine the rate constant k at 
-152 temperature T by means of equation (1); A can be expressed as PZT 

where P is the  steric fac tor  and' Z ,  the  co l l i s ion  frequency. 

r ived from experiment and P was  calculated from A using the values of 

the molecular diameters l i s t e d  in the last column of Table 11. 

A w a s  de- 

The calculated values of the r a t i o  of hydrogen atoms con- 
sumed per lholecule of reactant  added are given i n  Table IV. 
values are based only on the gas phase reaction. 

atom concentration, as shown i n  equation (7) is ,  a t  la rge  C, 

These 

The change i n  hydrogen 

The f r ac t iona l  loss occurring through the gas phase is  

= f  c c 

S 
k (C) + k ' + k  

C 
An 

This l o s s  f ,  can be obtained t o  the accuracy required here d i r e c t l y  

from graphs as shown i n  Figure 8. 

appearing t o  moles of c a t a l y s t  added is (H)r/(C) where (H), is f times 

the t o t a l  number of moles-removed at  the measuring port .  The r a t i o s  of 

Table IV are minimum values; only the l a rges t  of these lound for  a given 

reac tan t  has been l i s t e d .  For a longer react ion t i m e  than t h a t  of the 

experiment, the r a t i o  found might have been la rger .  However, with 

longer react ion times the atom concentration would have been zero under 

experimental conditions and i n  t h a t  event, addi t ional  information not  

gained. 

reac t ion  times and i n i t i a l  atom concentrations. 

The r a t i o  of moles of atoms d i s -  

The various r a t i o s  cannot be compared because of d i f f e r e n t  

14 



2. Surface Reactions 

In the case of those catalysts listed in Tables I1 and 
I11 for which E, A or a rate constant limit are not given, it was found 
that upon addition to the stream of hydrogen atoms, they increased the 
atom concentration. In the case of axmnonia, which was an exception to 
this observation, only a surface reaction which vanished with increasing 
temperature was found. For water, boron trifluoride and carbon tetra- 
fluoride, no further change in atom concentration was observed after the 
initial addition. 
materials on the flow tube w a l a  where they retarded hydrogen atom surface 

recombination. Generally, when addition was stopped, the effect per- 
sisted. With nitric oxide, on the other hand, increasing the amount added 
distinctly increased the Wrede gauge signals. 
vestigated. 

This behavior was coneistent with the sorption of these 

This was not further in- 

IV. Discussion 
A. Catalytic Activity 

The main evidence for catalytic activity to be found in the 

results consists in the rapid, second order reactions of those substances 
listed in Tables I1 and I11 and.in the values of the ratios of hydrogen 
atoms consumed to reactant molecule involved. 

At room temperature, the rate of the reactions observed is 

sufficiently large to rule out temolecular collision processes for 
those elementary reactions involving the disappearance OS hydrogen 
atoms. 
does not unequivocally confirm, a bimolecular collision process. 

Finally, the most likely reactions involving hydrogen atoms, especially 
with those reacting materials listed in Table 11, are addition or ab- 
straction reactions and these will be bimolecular. 

The second order nature of the reacting systems suggests, but 

In general, the ratios of atoms consumed to reactant added 
are sufficiently large to indicate a distinct catalytic effect. For 
those substances with low ratios at high temperature such as acetylene 

and propylene, it is possible that sufficient time has not elapsed 
during the measurement to provide an adequate test. For acetylene, the 



lack of hydrogen atoms is def in i t e ly  an important fac tor  i n  preventing 

a r e l i a b l e  analysis .  

Whenever measurements could be made a t  the two ports  along 

the tube which vere separated by 10 cm, the  r a t i o s  calculated a t  both 

po r t s  were the same -thin the estimated e r r o r  of 

w e r e  car r ied  out  at  room temperature f o r  vinyl chloride,  fluorobenzene 

and hexene-1 only. 

avai lable  f o r  the f u l l  extent  of ca t a ly t i c  act ion t o  be detected; con- 

sequently, the ratios determined at room temperature were probably a 

t rue measure of the  c a t a l y t i c  Bction ra ther  than a minimum. For a l l  

substances undergoing a f a s t ,  gas phase react ion with hydrogen atoms, 

the r a t i o  w a s  5 - 3 a t  room temperature. On the other hand, when the 

temperature was  ra ised,  the r a t i o  increased; fo r  example, i n  the case of 

cis-butene-2, i t  increased l i nea r ly  with temperature. I f  t h i s  increase 

had been so le ly  due t o  a f a s t e r  reaction rate a t  the higher temperatures, 

then the room temperature measurements with longer reaction times should 

have shown the same e f fec t .  I f ,  however, the react ion mechanism was 

changing t o  favor a c a t a l y t i c  sequence of elementary reactions, then the 

observed behavior would obtain. While t h i s  is not def in i t ive ,  i t  does 

3. The measurements 

These r e s u l t s  indicate  tha t  su f f i c i en t  time was 

+ 

a 
suggest t ha t  a ca t a lys i s  of hydrogen atom recombination is becoming potent 

at hlgher temperatures ( > 500°K). 
B. High Temperature Considerations 

Since the experimental temperature l i m i t  w a s  570°K, i t  is im- 

portant t o  consider the extrapolation of da ta  to  higher temperatures. 

Hydrogen atoms disappear i n  a t  least two elementary reactions; 

i t  is probable tha t  a composite of reactions is being described by the 

act ivat ion energies, preexponential and steric fac tors  presented. However, 

there is no evidence from the Arrhenius p l o t  of any marked differences i n  

the e f f e c t s  of the elementary reactions throughout the experimental range 

of temperature s ince f o r  most p lo ts ,  a s t r a i g h t  l i n e  is obtained without 

doubt. (See Figs. 30, 32, 33, 34). But t h i s  is no assurance t h a t  extra- 
polation of the da t a  to higher temperatures w i l l  not overlook a change i n  
reaction mechanism t h a t  w i l l  markedly alter the predominate values of E 
and A. 

16 
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With the above reservations i n  mind, the r e l a t i o n  of the rate 

constants  a t  higher temperatures may be considered. 

t ion,  the r a t i o  of rate constants fo r  any two materials a t  an a r b i t r a r y  

To a good approxima- 

temperature above 750°K, is given by the r a t i o  of the A fac tors .  

r e s u l t ,  the  order i n  rate constant magnitudes a t  high temperature is the  

same as the order i n  which gases are l i s t e d  i n  Table 11. 

As a 

Insofar as 
c a t a l y s t s  are defined by react ion rate constants,  the t ab le  also lists the 

c a t a l y s t s  i n  order of effectiveness.  

The effect iveness  of the c a t a l y s t s  may be estimated f o r  con- 

d i t i o n s  c lose  t o  those prevai l ing i n  the downstream portion of an arc je t  
nozzle. A t  high temperatures, the c o l l i s i o n  e f f ic iency  approaches a value 
equal t o  the s t e r i c  fac tor ;  consequently the ult imate c a t a l y t i c  e f f e c t  w i l l  
be less than an order of magnitude grea te r  than tha t  provided by the b e t t e r  

ca ta lys t s ’of  Table 11. 

c a t a l y s t s  w i l l  increase the homogeneous atom recombination rate by more 

than f i v e  orders  of magnitude as compared t o  the rate i n  the absence of 

c a t a l y s t  a t  1000°K and 

s t a n t  f o r  atom recombination of 2.7 K lo1’ c m  mole 

On the  other hand, one mole percent of the better 

a t m .  This is based on a termolecular rate con- 
6 -2 -1 0 sec at  lOOOOK ob- 

12 112 ta ined from reference (16) by extrapolat ion of data;  a l s o  kc - 4.5 x 10 T 
exp (-3.5/RT) and (Ho) = 0.6 (€I2). Thus the performance w i l l  be approximately 

tha t  of the optimum ca ta lys t  of Table I. 
The s t a b i l i t y  of the ca t a lys t s  a t  high temperature is an addi- 

t i ona l  consideration. 

stable a t  a given high temperature, i t  may s t i l l  be an e f f ec t ive  c a t a l y s t  

s ince  the important question concerns the ex ten t  of decomposition during 

i t s  residence t i m e  i n  the propulsion device. For example, acetylene,  

which a t  moderate temperatures tends t o  decompose, appeared t o  be r a the r  

s t a b l e  when heated t o  1800°K fo r  t i m e  i n t e rva l s  of 2 t o  10 m sec (17). 
I n  a propulsion uni t ,  t h e  residence t i m e  could be less than t h i s  depending 

on the locat ion of the ca t a lys t  in jec t ion  point  and ca t a lys t  might e x i s t  

i n  a non-equilibrium condition during t h i s  t i m e .  

a c a t a l y t i c  material such as benrene,.uhen added t o  the nozzle, would de- 
compose giving o ther  Catalysts  such as acetylene,  butadiene, e t c .  

Even though a c a t a l y s t  may not be thermodynamically 

It is a l s o  possible  tha t  

The 
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time f o r  i n i t i a l  decomposition plus  tha t  f o r  decomposition of the de- 

rived c a t a l y s t s  might be s u f f i c i e n t  t o  ensure e f f ec t ive  c a t a l y t i c  

a c t i v i t y  during the residence time of an in jec ted  p a r t i c l e .  Final ly ,  

there  may be an e f f e c t  on c a t a l y s t  s t a b i l i t y  due t o  i t s  pa r t i c ipa t ion  

i n  the  hydrogen atom recombination cycle,  but  t h i s  is unknown. 

" 
C. S t e r i c  Factors 

The steric fac to r s  found in Table 11, with the  exception of 
t ha t  f o r  ethylene, f a l l  i n t o  three groups. Those unsaturated compounds 

with more than two multiple bonds have steric fac to r s  of the order of 
0.1. 

s t e r i c  f ac to r s  of the order of 0.05. 

lower by 8: fac tor  of about ten than the second group. I f  the steric 
fac tor  is considered i n  terms of the o r i en ta t ion  of reac tan ts  during 

e f f ec t ive  co l l i s ions ,  then the approximate doubling of P i n  passing 

from one t o  severa l  mult iple  bonds i n  the reactant ,  can be associated 

w i t h  the increased probabi l i ty  of proper o r i en ta t ion  of the  multiple 

bond upon co l l i s ion .  On the other  hand, there  is no evidence, based on 
the calculated steric fac tors ,  f o r  a difference i n  r e a c t i v i t y  of a hy- 

drogen atom with a multiple bond i n  various s t r u c t u r a l  contexts. There 

is one fu r the r  cor re la t ion  which might, on fu r the r  invest igat ion,  o f f e r  

a reason f o r  the low s t e r i c  f ac to r  of vinyl  chlor ide.  In  the second 

group, propylene has the smallest steric fac tor ,  0.02 and is one above 

vinyl chlor ide i n  order. Upon subs t i t u t ing  e i t h e r  a methyl group or a 

chlor ine atom f o r  a hydrogen atom i n  ethylene, q u a l i t a t i v e l y  the same 
e lec t ron  displacement occurs. 

with chlorine,  the r e su l t i ng  a l t e r a t i o n  of the e l ec t ron  densi ty  about 

the multiple bond may decrease the r e a c t i v i t y  t o  the &tent tha t  i t  

would account f o r  the observed steric fac to r  differences.  

In  the second group are those with only one mult iple  bond having 

Vinyl chlor ide has a P value 

0 

I f  t h i s  takes place to a grea te r  ex ten t  
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V. Conchs ions 0 
Evidence fo r  a c a t a l y t i c  e f f e c t  by several  foreign gases i n  the re- 

This e f f e c t  appears to combination of hydrogen atoms has been presented. 

be grea t ly  enhanced at  high temperatures (>5OO0K). 

A t  high temperatures, f o r  the ca t a lys t s  tes ted,  the order of 

effect iveness  has been estimated to  be ethylene, a l lene,  butadiene, 

I 

benzene, cis-butene-2, acetylene, propylene and vinyl chloride without 

consideration of the s t a b i l i t y  of any material. 
9 

VI. Recommendations 

The following extensions'of the work reported above are recomaended. 

A. Emphasis should be placed on extending the means of detect ing 

hydrogen atoms t o  high temperatures (> 6 0 0 O K )  through development of 

methods using m a s s  spectrometry, spin resonance, op t i ca l  means and titra- 

t ion  techniques. 

B. Product analyses should be made over a wide range of tempera- 

tures including tha t  i n t e rva l  covered by the present work. The two 

dhier benefi ts  of so doing are: 

1. 

2. 

anism to  be constructed. 

d i f f e ren t  temperatures, w i l l  maximum ins ight  i n t o  the reasons f o r  c a t a l y t i c  

effect iveness  be gained. 

More accurate information on t h e  extent of ca ta lys i s .  
A complete prodyct analysis  w i l l  permit a reaction mech- 

Only on the bas i s  of such work car r ied  out  a t  

C.  The extent  of surface reactions a t  high temperatures should be 

ascertained by sorption s tudies ,  e i t he r  d i r ec t ly  or  by an empirical means 

such as employed i n  t h i s  study. 

D. The measurement of the catalysis of hydrogen atom recombination 

i n  an electric arc heated, continuous flow nozzle apparatus would circum- 

vent cer ta in  problems. High temperature chemical k ine t ic  information 

could be obtained from nozzle pressure and discharge temperature measure- 

ments; analysis  of nozzle discharge materials would be useful i n  deter-  

mining reaction mechanisms. With large atom fluxes and gas ve loc i t ies ,  

higher ca ta lys t  concentrations could be employed thereby increaeing the 

extent of homogeneous compared t o  surface reactions. 



V I I .  Appendix 0 
The experimental r e s u l t s  obtained i n  t h i s  study are presented in the 

following tables  and f igures .  

A. Gas Phase Reactions 
I 1. Rate Constants 

Tables V t o  LI and f igures  9 to 23 repregent experiments 

i n  which the ca t a lys t  concentration and the temperature were varied, On 

the  average, the maximum ca t a lys t  concentration used was  less than 0.4 

mole it of the t o t a l  hydrogen present. 

p lo t t ed  according to  equation ( 6 ) ;  where the temperature l i s t e d  i n  the 

accompanying legend is followed by a notat ion such as 2(A), the correspond- 

ing data have been p lo t ted  on an abscissa scale expanded by a factor  of 2. 

To confirm the assumption of an overa l l  second order rate 
expression, the t o t a l  pressure was varied i n  several  cases and these re- 

s u l t s  are given i n  Tables L I I  to LXI and f igures  24 to  27. 

the rate constants f o r  the reactions of 1,3-butadiene with hydrogen atoms 

are p lo t ted  against  the total pressure. 

squares s t r a i g h t  l i ne .  

rate constants corresponding to  the curve change by 1.1. Since the ex- 

perimental e r ro r  i n  the rate con-stant was estimated to  be 25%, the least 
squares var ia t ion of about 1oX is w e l l  within t h i s  e r ro r  and is negl igible  

compared with the change i n  pressure. In  Fig. 27 ethylene data  from ex- 

periments involving a change i n  t o t a l  pressure are shown. In t h i s  case, 
for  a doubling of the pressure, the least squares s t r a i g h t  l i n e  (shown 

dotted) corresponds t o  a 2oX change i n  rate constant. 

within the experimental e r r o r  and is neglected. 

I n  the f igures ,  the data  have been 

I n  Fig. 25, the 

The dotted l i n e  shown is the  least 

Over a pressure var ia t ion by a factor  of f ive ,  the 0 

This again is 

2. Activation Energies 

Activation energies have been derived from Arrhenius p lo ts ,  

shown i n  Figures 28 t o  34 which were drawn using rate da ta  sumaarized i n  
Tables LXII t o  IXIX. These curves represent a p l o t  of the equation 
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.. 

where E 
ac t iva t ion  energy l i s t e d  i n  Table I1 by 

is the Arrhenius ac t iva t ion  energy and is r e l a t ed  t o  E, the  A 

E = EA - O.5R < T > 

where < T > is the average temperature f o r  the  range used. 

exponential fac tor  of equation 22 is equal t o  AT1’’ where A is reported 

i n  Table XI. and A‘ were derived, re- 
spect ively.  The steric factore  shown in Table I1 were calculated using 

the expression 

The pre- 

From the slope and in te rcept ,  E A 
. 

where CY 

of c a t a l y s t  C and hydrogen atom, N, Avogadrb’s number, 1, the  gas con- 
s t a n t  and p, the reduced mass. 

is the e f f ec t ive  molecular diameter f o r  the c o l l i s i o n  complex 
c,H 

B. Surface Reactions 

1. Catalyzed Surface Reactions 

a. I n  Absence of Gas Phase Reactions 

Only catalyzed surface react ions w e r e  found t o  

occur i n  those experiments where the reac tan ts  were ammonia, carbon 
monoxide, ethylene oxide, methane and methyl alcohol (See Tables XI1 t o  

XIV, XXVI, XXXVII, XLI, XLII and Figs. 11, 16, 19, 21 and 22 respect ively) .  

Common t o  a l l  these reactants  was  an independence of the atom 

loss upon reactant  concentration when t h e  lat ter exceeded a pa r t i cu la r ,  

small value. This w a s  interpreted as complete coverage of the flow tube 

surface avai lable  f o r  sorption; fur ther  increase i n  the reactant  concen- 

:ration d id  not a l t e r  t ha t  f rac t ion  involved i n  the surface reac t ion  and 
did not  change the r a t e  a t  which hydrogen atoms were recombining. 

b. In Presence of Gas Phase Reactions 

When a gas phase reac t ion  was a l so  occurring, 

as with ethylene f o r  example, the surface catalyzed reac t ion  was  observed, 



by decreasing the flow tube diameter one half  and increasing the l i n e a r  

flow rate. 

shown i n  Tables IJIX t o  LXXI and i n  Pig, 35. 

This was  done fo r  some ethylene experiments with the r e s u l t s  
0 

With a decreased tube dia-  

meter, the surface t o  volume r a t i o  increased and surface e f f ec t s  were 

accentuated; due t o  f a s t e r  flow, a shor te r  react ion t i m e  i n  the measure- 

ment i n t e rva l  reduced the gas phase contr ibut ion t o  atom disappearance. 

Thus the curves of  Fig. 35 resemble those f o r  the reactants  of Section (a) 

and are described adequately by equation (5). 

2. Surface Reactions i n  Absence of Added Catalysts 

When no c a t a l y s t s  are added, the  rate of disappearance of 

hydrogen atoms remains la rger  than expected from gas phase recombination. 

The later can be reasonably estimated so le ly  on the bas i s  of the re- 

a c t  ion 
I 

since the hydrogen atom concentration i s  always small compared t o  the 

hydrogen molecule concentration. The consequence of t h i s  is  tha t  three 

body recombination involving only hydrogen atoms 

pression f o r  R 3  becomes 

0 
is rare. The rate ex- 

16 6 -2 -1 where k the rate constant i s  about 10 cm mole sec . Typically 

with (H2 - 2 x 10°8mole cmm3 and (H) < 0.05 (HZ), dln(H)/dt < 0.4 sec". 

This is  negl ig ib le  under the  present experimental conditions as is  evident 

i n  Fig.  1-16. 

" 

Thus neglecting volume recombination, the surface rate con- 

s t a n t  i n  the  absence of c a t a l y s t  was determined for  a number of l i nea r  

flow rates (LFR); the results a re  shown i n  Table LXXVIII. The surface 

r a t e  constants of column 5 a teg iven  by VX I n  H H -l; those i n  column 

6 are calculated according t o  equation (12), with k '  and kc set equal t o  

zero. The f r ac t iona l  contr ibut ion 8 y, of d i f fus ion  t o  the observed sur-  

face rate constant,  decreases as the LPR increases; under normal experi-  

mental conditions,  y is  less than the e r r o r  i n  the calculated rate constant.  

-1 
1 2  

0 



The surface rate constant, k was assumed not to change 
8' 

appreciably when ca t a lys t s  were added to  the flow tube. In the method 

adopted fo r  calculat ing the catalyzed gas phase react ion rate constant, 

as described above, account w a s  thus automatically taken fo r  the 

"uncatalyzed" surface react ion contribution. 

0 

* 

C. Surface Poisons 

When boron t r i f luor ide ,  carbon te t ra f luor ide ,  n i t r i c  oxide and 

water were added t o  the flow tube, the Wrede gauge signals increased. 
- Interpreted i n  terms of hydrogen atoms, t h i s  was equivalent to an in-  

crease i n  atom concentration. For boron t r i f l uo r ide  and carbon tetra- 

f luoride,  the measured hydrogen atom concentrations did not change a f t e r  

the i n i t i a l  addition of reactants .  

no s ignal  changes were observed upon adding these reactants. 

va tmns  are consistent with a poisoning of the flow tube w a l l  which hinders 

hydrogen atom surface recombination. 

culated as shown i n  column 4 of Tables UXII to  LXXIV, i t  ls found t h a t  

the rate constant has decreased i n  the presence of the f luorides .  It is 

worth noting tha t  hydrofluoric acid has generally been used to clean the 

flow tube because qua l i ta t ive  observations have indicated tha t  the atom 

concentration is  thereby increased. It appears l i ke ly  t h a t  f luor ide  con- 

ta ining compounds w i l l  i n  general a c t  as surface poisons. 

Also i n  the absence of hydrogen atoms 

The obser- 

If the surface rate constant is  cal- 

a 

With the addition of water, no change i n  a t o m  concentration 

w a s  detected a t  25OC; but a t  224"C, the gauge s igna ls  increased. More- 

over, the r a t i o  of atom concentrations, (H1)/(H2), (see Table LxxvII) 
decreased as more water was  added. 

surface rate constant. A t  the largest added water concentration, 0.09 

mole X ,  the r a t i o  had decreased t o  one, within experimental error. This 

is  equivalent t o  a zero surface rate constant and indicates  t h a t  any sur- 
face recombination was too small to  be detected. 

This corresponds to a decreasing 

With extensive addition of n i t r i c  oxide, the gauge s igna l s  

continued t o  increase beyond the i n i t i a l  rapid change displayed in  
other  cases; note t h a t  - dln(H)/dt is p lo t ted  i n  Fig. 36. The data 

are given i n  Tables LXXV and LXXVI. 
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I). Surface Sorption 

While the initial surface condition of the flow tube was not 
constant from experiment to experiment, the change was small enough so 
that sorption data at room temperature may be compared. 
the surface rate constants for various sorbed species are listed. 

data suggest a correlation between the degree of unsaturation of the 
species and the surface rate constant which might be expected. Con- 

versely, the assumption of a sorbed species participating in a catalyzed 
surface reaction is strengthened. 

In Table fJo(IX, 
These 

E. Error Analysis 
The evaluation of the various terms in equation (18) above 

was arrived at as follows: 
mated to be 7 x 5.7 x and 3.0 x 10-1 respectively. Since 

The relative errors in x, v and Dc were estf- 

I 

2 d+2DcV-l 

LE t =[zqpr+( tv I[q+(p[($r - (26) 

the error becomes, using the typical operating conditions of d = 15 cm, 
t = 40 m sec, V = 250 cm sec 

0 
-1 2 -1 and Dc - 1500 cm sec , (At/t)2 5.5 x low2. 

The relative error in catalyst concentration is 

2 2 - 2 AV + (q + p) 
-3 Since (APIP) and (AT/T) are 0.014 and 0.01 respectively, (AC/C)2 = 6 . 7 ~ 1 0  

The hydrogen atom concentration as determined by Wrede gauge 

measurements is CISd/P where S is the sensitivity of the Pirani element 

in nrm/pa, d, the observed ommeter needle deflection in pa corresponding to 
the difference in pressure between the flow tube and Wrede gauge, P, the 
pressure and C a constant. For relative error in S and d of 2.44 x loo2 

and 2.0 x loo2, the atom concentration error is 
1 



The e r r o r  i n  the observed rate constant becomes 

- where the typical  value of two f o r  the r a t i o  (Ho)/(H) has been used. 

F. Correlation of Wrede Gauge Signals with Mass Spectrometer 
Signals 

The flow tube was connected with a "Gas Analysis Modulated Beam 
Apparatus", a m a s s  spectrometer developed by the General Atomic  Division 

of General Dynamics. 

pa r t i c l e s  which en ters  the vacuum chamber of the apparatus through a 

This instrument operates by modulating a beam of 

small hole i n  the s ide  of the flow tube. 

t i c l e s  is  modulated, i t  can be distinguished from the background noise i n  

the instrument i n  the manner i n  which an AC and DC signal  may be separated. 

In  t h i s  way, par t icu lar  species i n  the modulated beam can be detected i n  

s p i t e  of t h e i r  presence i n  the background i n  much la rger  concentrations. 

Thus the instrument could readi ly  be used to measure d i r e c t l y  the s t rength 

of the hydrogen atom signal .  

Because the beam of incoming par- 

The d i r ec t  measure by both the mass spectrometer and the Wrede 

gauge of the hydrogen atoms present i n  the flow tube t o  which both detectors  

w e r e  d i r ec t ly  attached, is shown i n  Fig. 37. It is clear tha t  a proper 

l inear  r e l a t ion  ex is t s  between the magnitude of the s ignals  indicated by 

the two instruments. 

G. Sample Calculations 

1) Rate constant (see Tables Xu(,- LXIV and Figure 13, 0 )  

fo r  p - 0.43 am and T - 3OOC. 
d ln(H) 2.3 log (H)/(H)c I 2.3 log (11.3)/(1.211 I 49.3 sac-l 

d t  A t  0.0452 
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c 

i 

11 3 -1 -1 k 1.1 x 10 cm mole sec 
C 

2) Activation energy (See Tables XI and LXIV and Figure 10) 

log kcl - 1043 kc2 

T1 - T2 
-R 
0.434 -1 

E EA - 0.5B CD = 4.0 

4.0 kcal mole-' 

- 0.5(1.99)(398)10'3 = 3.6 kcal mole-' 

3) Preexponential factor (See Tables 11 and W1V) 

lo@' - 0.434 EA + log 'kc2 
RTZ 

- - 0.434 (4.0)(2.14~10-~) + 12.0 - 13.86 
1.99 

3 -1 -1. A' = 9.3 x loL3 cm mole sec 

-112 .. 13 2 -1/2 A =A'< T > 9.3 x 10 (3.98~10 ) 

12 3 -1 -1 4.7 x 10 cm mole sec * ~ - 1 / 2  



4) Steric factor (See Table I) 

15 
= 9.3~10‘~  { 1.72~10 (6.06~10 23 ) { 817 ( 8.32~10 s4 , ii(3981p‘2/1 0.10 

- 1/2(a + uH) = 1/2(6.3 + 2.0)10’8 = 4.2~1O-~cm 
uC4H6 v H C4H6 

5) , Catalyst effectiveness a t  T = 1000°K and P = 10-4atm 

, . 
-9 -3 

(H2) P(RT)-l * 10-4~(82)(1000)h1 = 1.2~10 mole cm 

14 3 -1 -1 = 4.5~10 l2 T e -3.5’RT = 1 . b ~ l 0  cm mole sec kc 

15 6 -2 -I \ = 2.7~10 cm mole sed (Ref. 16) 

. I  

where Mc and B$ are t h e  mole fractions of catalyst and hydrogen 

atoms, respectively. If xC - 0.01 and % = 0.60, then 
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IX. L i s t  of Symbols 

A . 
A* 

0 C 

. 
d 

D 

E 

EA ' 
f 

J~ or n 
K 

k 

k' 

kc 

kD 

% 

ks 

CS 
k 

N 

P 

R 

S 

3 

3 -1 -1 
pre-exponential factor, cm mole-'8ec-l .K-1/2 

pre-exponential factor, cm mole aec 

catalys t 

constant 

anmreter deflection, pa 

diffusion constant in hydrogen, cm sec 

activation energy, cal mole 

2 -1 

-1 

-1 "Arrhenius" activation energy, cal mole 

fractional loss of hydrogen atoms in gas phase 

flux for diffusion or mass, mole cm 

equilibrium constant for desorption, mole cm 

overall, rate constant, sec 

pseudo surface rate constant, sec 

rate constant of gas phase catalyzed reaction, cm mole sec 

diffusion corrected overall rate constant, sec 

catalyzed surface reaction rate constant, cm mole-'sec 

-2 -1 sec 
-3 

8 

-1 

-1 

3 -1 -1 

-1 

2 -1 

rate constant of termolecular H atom recombination, 
6 -2 -1 cm mole sec 

-1 surface rate constant, sec 

Avogadro's number 

steric factor or pressure, mn Hg 

gas constant, cal mole 

sorption sites, mole cm ; -sensitivity of P i t a n i  element, 

-1 .K-l 

-2 

=/pa 
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t time, sec 

T temperature, OK 

V 

X distance, cm 

2 collision frequency, cm mole oec 

0 collision diameter, cm 

P reduced mass, gm 

4 3 
linear flow velocity, cm oeo-l ot volume element, cm 

3 -1 -1 

Subscript81 

C catalyst 

8 gas phase reaction 

H hydrogen atom 

0 initial  state 

r gas phase atom loss 
\ 

8 surface reaction 

Other Notation 
-3 -2 0 concentration in mole crn or mole c m  
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TABU3 I 

CATAIXSIS OF H-JUOM REXOIBINATION . 

R? A CONICAL NOZZIE 

(Note: one-dimensional, adiabatic, inviscid flat with finite reaction rate) 

CONDITIONS AT 
€ = loo L = 8 c m  

CONDITIONS AT 
E:-840 ~ ~ 2 5 -  

CATAIX"IC 
EFFECT 

X X Patm T9C 

NO CATAWST 0.285 
xl~-3 

0.102 
10 K = 10 0.61 245 0.61 24 

FAIR CA'&I;YST 
8 IC- = 10 

o 263 
,o-~ 

0.581 

563 224 0.53 0.52 

INCREMENTAL 
CHANGE-$ 14.0 814 158 104 15 

0.64 GOOD CATAIXST 

= 109 
0.121 
x10=2 0.35 145 5 0.34 703 

~ 

108 
INCREMENTAL 
CHANGE-$ 34 158 36 

0 e25 
0.16 
x1oo2 

OPTIMUM CATAIXST 
10 Kc = 10 

0.121 
xl~-3 

, 

2323 0.21 
~ 

60 89 26 
INCREMENTAL 
CHANGE-$ 38 ' 48 115 

T=4000?K 
P = 1.0 atm 
'X P Weight Fraction E-AtamS; Xo = 0.63 
K - liters mole2sec 
.I liters Y mole sec 

E = nozzle expsnsicm ratio 
KC 
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TABLE XI 
Sumaary of Experfmental Data 

E A 
rn cm3m1e-laec-' 
mole 

Temp. Range 
Catalyst OK -' oK-1/2 P - - 

L 

Ethylene 

Allene 

1,3-Butadiene 

Benzene 

Cis-butene-2 

Acetylene 

I 

Propylene 

Vinyl chloride 

*Ethane 

Nitric oxide 

Ammonia 

Water 

297-564 

303-458 

297-498 

295-510 

301-432 

295-514 

299-522 

299-426 

297 -443 

297 -394 

298-442 

298-497 

4.2 

3 .O 

3.6 

1.6 

2.4 

3 .O 

3 03 

0.9 

+ 
+ 

3 -1 -1 < 3 x lolo cm mole aec * kT e44 3.K 

13 

12 

12 

12 

12 

12 

11 

11 

2.7 x 10 

4.1 x 10 

4.7 x 10 

4.8 x 10 

1.6 x 10 

1.1 x 10 

7.4 x 10 

1.5 x 10 

+ 
+ 
+ 

0.88 

0.11 

0.10 

0-08 

0.04 

0.04 

0.02 

0 .ow 
-- 
+ 
+ 
+ 

Molecular 

dia1.A 
~~~~ - 

4.6 

5 04 

6.3 

6.9 

6.2 

3.3 

5.4 

5.8 

0 -  

+ 
+ 
+ 

+ See discussion in text 
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Catalyst  

P luorobenzene 

Hexene-1 . 

Trans -but ene-2 

Ethylene oxide 

Carbonyl Sulf ide 

Methane 

Methyl alcohol 

Boron trlf luoride 

/ 

TABU I11 
Slrarnary of Experimental Data 

Temp. 1% 
3 -1 -1 kc/cm mole sec 

12 304 2.1 x 10 
11 297 2.4 x 10 
11 296 1.4 x 10 
10 298 < 2 x 1 0  

301 2.6 x 10l1 
11 513 < 1 x 1 0  

304 

301 

9 < ’  1 x 10 

4k 

4k Carbon te t raf luoride 303 
10 Carbon monoxide 301 < 1.5 x 10 

i k  See discussion i n  text 
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TABLE IV 
Atom Consmption per Catalyst Molecule. 

Ethylene 493 0.39 0.76 2 20 

A1 lene 361 0.43 0.40 2 14 

1,3-Butadiene 466 0.43 0.44 2 14 

Benzene 393 0.45 0.55 >- 45 

Cis-butene02 432 0.43 0.34 > 30 
Acetylene 514 0.39 0.44 2 6  

Propylene 456 0.26 0.36 2 2  

Vinyl chloride 348 0.39 0.83 2 7  

Fluorobenzene 304 0.39 0.50 25 

Hexene - 1 298 0.26 0.46 2 21 

Trans-butene - 2 296 0.43 0 -48 > 7  

* Carbonyl sulfide 301 0.43 0.52 2 9  

301 0 043 0.37 > 8  

*Duplicate experiments 
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TABIE V 
Acetylene Experiments 

Reactants : 
Temperature : 
I n i t i a l  (%) 

Mole 

c2% 

0.0 

0.0224 
0.0535 
0.103 , 
0.189 
3.441 
1.08 

Reactants : 
Temperature: 
I n i t i a l  (%) 

Mole $ 

c2% 
~ 

0.0 

0.00175 
0.00736 
0.0173 

0.0376 
0 103 
0.263 
1.20 

C2H2d H 
22.5 c 
2.36 x lo4 moles cm -3 

Mole 
H - 

4.43 
4.21 
3-90 
3.62 
3.10 

1.09 
2.34 

Linear Flow Fate: 
Total Pressure: 0.435 m. 

2.46 x 102 an 8ec.l 

Acetylene Experiments 

-3 2.09 x 10-8 mole an 

Mole 46 

H 

2.58 
2.58 

2.34 
2.51 

-1 sec 

0.0 

1.5 
3*8 
5.9 

10.4 
18.6 
41.0 

II 

0.053 
0.13 
0.24 
0.45 
1.04 
2.55 

Linear F ~ W  Rate: 2.9 x 13 cm seem’ 
T o t a l  Pressure: 0.451 mm 

dln 

-10 -3 10 moles cm 

0.0 

0.0 

1.3 
3 *3 
6-5 
6-5 

32 -6 
14.0 

- 
0.002 

0.015 
0.036 

0 079 
0.22 

0.55 
2.51 
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TABS VI1 

Acetylene -rimento 

. 
Reactants : 
Temperature : 

Initial ($1 

Mole $ 

c2% 

0.0 

0 . 0189 

0.0465 

0.313 
1.24 

/ 

Reactants : 

Temperature: 
Initial  ($) : 

Mole $ 

c2% 

Linesr Flow Rate: 3.94 x 1s CIP ~ e d l  c2%3 
l67.6OC TO-1 Pressure: 0.435 mm 

1.58 x lom8 mole ano3 

1.60 

1.03 
0.50 
0.15 

1.45 

T A B S  VIII 
Acetylene Eqerlmente 

0.0 
4.1 

.I 

0.03 
0.073 

0.495 
1-96 

-1 Llnear Flow Rate: 383 an sec 
c 

c2% 

1.21 x lo-8mle can-3 
241OC Total Pressure: C.388 m 

Mole $ 

H1 

0.0 1-91 
0.mg 0.63 
0.0278 0.39 
0.126 0.18. 

0.0 

31 
43 
64 
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Allene Experiments 

Reactants : 

Temperature : 

I n i t i a l  (%I: 

Mole 8 
C3H4 

0.0334 
0.0840 
0.162 

0.406 

0- 576 e 

Reactants : 

Teqerature : 

Init ial  (5) : 
Mole 8 
c3H4 

0.0136 
0.0244 
0.128 
0.219 

c3:4j Linear Flar Rate; 236 cm secol 
30 c T o t a l  Pressure: 0.43 nm 
2.29 x lo4 mole cmo3 

M o l e  6 
H 

9.50 
3.05 
2*50 

2.02 

1.48 
1.17 

- 
25 .8 
31.8 
36.8 
43.0 
49.6 

TABU, x 
Allene Experiments 

0 

0.77 
1.92 
3 -71 
9.3 

13.2 

Linear Flow Rate: 287 cm sec’’ C3H4’ H 

88OC T o t a l  Pressure: 0.43 nm 
1-92 x loo8 mole an-3 

8.76 
3 -24 
2 -33 
1.48 
1.08 

- 
26.9 
35.9 
48.1 
56.7 

0 

0.26 

0.46 
2.46 
4.21 



TABU3 X I  

I A l l e n e  Eacperiments 

Reactants: 

Temperature : 

Ini t ia l  (51: 

Mole e 
c3H4 

0 

0 . 0388 
i 

0.171 
o.3k 

C3H4> E 

185OC 

1.52 x loo8 mole ano3 

Mole e 
H 

Reactants: NH3, H 

Temperature : 24.5OC 

6.90 
2.36 
1.62 
1.04 

FW Rate: 343 Qp secol 

Total Pressure: 0.43 13pll 

sec 

0 0 

32-5 0.60 

45.9 2.6 
60.0 5 -2 

TABU3 IUI 

2 Linear Flow Rate: 2.30 x 10 cm 8ec-l 

Total Pressure: 0.412 mu 

I 

Initial  (5): 2.22 x loo8 moles cm-3 

0.0 4.72 0.0 0. 0 

0 . 0778 3.64 17.8 1. 73 
0.0254 4-16 8.9 0. 564 

0.144 3 -34 
0.367 3.50 

23.7 
20.5 

3 -20 
8.14 

Mole $ El estimsted error &l2 
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Mole $ 

5 
Mole 46 
H 

Mole $ H estimated error f 0.13 

TABS Xm 
Ammonia Experiments 

Mole $ 

9 - 

sec 

N S r  
Reactaats : 

Temperature : 16g0C 

I n i t i a l  (%): 1.51 x loo8 moles ano3 
4 

0.0 
0.00514 
0.0419 
0.121 

0.0 

4.5 
13.0 
14.6 

Mole 46 
H 

2.07 
2.05 
2.05 

2.32 

0.0 
1.15 
2.42 

3 -80 

-1 Linear Flar  Rate: 

Total Pressure: 0.414 nm 

3.41 x d a n  sec 

0.0 

0.078 
0.631 
1.82 

. Mole $ H est-ted error *0.40 
I 
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!l!4BIz xv 

Benzene Experiments 

. 
Reactants : c6H69 E 
Temperature: 22OC T o t a l  Pressure: 0.435 mm 
Initial (I$): 2.35 x loo8 moles anm3 

near  FW Rate: 2.12 x 102 Qp 

Mole $ 

‘SH6 

0.0 

0 0077 
0.0025 1 

0.0165 
0.0376 

- 

0.0650 
0 0.0720 

Mole 46 
H - 
7.85 

.- 6.03 
5 -20 
4. Os 
3.55 
2.71 
2.45 

d In (H)/dt 

secoL 

0.0 

9.1 
14.3 
22.8 
27.6 
36.9 
40.5 

- 
0. 180 
0.579 
3.88 
8.84 

15 -3 
.l6.5 

TABLE xvI[ 

Benzene Experiments 
-1 Linear Flaw Rates: 2.94 x 1 8  cm sec’ 

C6HrH Total Pressure: 0.43 mm 
Reactants : 
Temperature: 120 C 

Initial (5): 1.76 x lom8 moles I 

0.0 8.19 
0.00455 5 -78 
0.00654 5.93 
o.oI65 4.61 
0 . 0464 5 023 

0 0.0612 3.14 

0.0 

17.3 
l.6 .6 
27.6 
22 02 

. 44.6 

- 
0.000 
1.15 
2.90 
8.15 

10.8 
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Benzene Experiments 

Reactants : 

Temperature : 

Initial (5): 

Mole $ 

c6H6 

0.0 

0.00071 
0.0013 

I 

0.0067 

Reactions : 

Temperature : 

Initial ( ~ 2 ) :  

Mole $ 

c4H6 - 
- 
. 0462 

2 6  

.265 

.268 

.234 

1.37 

Linear Flaw Rate: 397 cm 8ec-l ‘6% 
237% Total Pressure: 0.388 m~ 

1.22 x loo8 mole an -3 

TABU XVIII 

1, 3-Butadiene Experiments 

c4H6, H 

30°C Total Pressure: 0.43 mp 

2.29 x loo8 male cno3 

Linear Flow Rate: 241 an sec.’ 

Mole 
H 

13.0 - 0 

3 e 2 5  33 06 1.06 
2.58 39.2 2.88 
1.85 47.3 5 013 
2.06 44.5 6.06 
1.40 54.0 6.14 
0.69 71.2 31.4 
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l -  

Ijnear Flaw Rate: 227 cm eec” ‘4’6, Reactants : 
Temperature: 30°C !Total Pressure: 0.43 nxn 
Initial (%): 2.29 x loo8 mole anm3 

Mole 6 
‘4*6 I - 

. 0054 0 
~ ,0280 

- 0 4 s  
0820 

. 206 

0327 
473 
580 

Mole e 
H 

u . 3  
3-97 
4.14 
3.60 
2.93 
2.43 
2.12 

1.82 
1.48 
1.44 
1.21 

.. 
23.8 
22.2 

25 02 
29.8 
33.9 
36-9 
40.3 
44.9 
45.6 
49.3 

1 

0.10 

0.12 
0.23 
0.64 , 

0.96 
1.88 
4.72 
7.5 

10.8 
13 .3 

. 
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Reacta,uts : 

Mole e 
c4H6 - 
I.. 

0.0212 
0 . 0474 
0.106 

0.259 

Reactants : 
Temperature : 

I n i t i a l  (5): 

Mole e 
c4H6 

0 

0 0123 
0 . 0137 
0 0179 
0.038 
0.0747 
0.194 , 

e 
H 

d In @)/at (c4H6) 

loou mole an-3 -1 sec 

10.3 
3.06 

0 

31.6 
0 

0.41 
2 032 38.9 0.91 
1.80 
1.25 

CqHg' 193 c 

45.5 
54.0 

2.04 

4.97 
'PABIG XXI 

1, 3-htadlene Experiments 
-1 War Flow Rate: 

Total Pressure: 0.43 mm 
378 an sec 

1.49 x loo8 mole -3 

Mole c 
H 

6.65 
1.96 
2.36 
1.69 
1.55 
1.U 

0.57 

- 
39.4 
33 03 
43.9 
46.7 
57.5 
79.1 

- 
0.18 
0.20 

0.27 
0.57 
1.ll 

2.90 
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0 

. 

0 

0 

Reactants : 

Temperature : 

wl-e  e 
4'8 

- 
0.0039 
0.0131 
0.0223 

0.0553 
0 0615 
0 219 

Reactants : 
Temperature : 
Init ial  (H$: 

Mole 

0.0011 
0.0050 
0 . 0056 
0.0071 

0.0093 

0.0102 
0.0292 
0.102 
0.2l.8 

Mole e 
E 

2.90 
1.80 
1.74 
1.31 
1.19 
1.14 
0.70 

d In(E)/dt ( chE8 
lo-= mole all-3 -1 sec 

I 0 

9.9 0.83. 

10,5 2.24 
15.8 4.66 
18.2 U .6 
19.3 12.9 , 

29.3 45.1 

TABU3 ImII 
Cis-butene-2 Exgerlments 

Ihear Flow Rate8 254 an sec-' c4Hs* 

1.99 x loo8 mole Cn-3 
74OC Total Pressure: 0.432 ma 

7.74 
4.45 
3.40 
3 .75 
3.16 ' 

1.99 

2.87 
1.41 
0.94 
0.59 

12.7 
19.0 
16.8 
20.6 
31.4 

23.0 

39.3 
48.8 
59.7 

.. 
0.023 

0.115 
0.100 

0 . 141 
0.185 

0.203 
0.581 
2.03 
4.34 

! 



TABIE )(xzv 

Cis-butene-2 Experiments 

Linear Flow Rate: 323 an see" . Total Pressure: 0. 432 c4Hr 
Reactants : 

Temperature: 159 C 
Initial (%): 1.60 x loo8 mole 

Mole $ Mole $ d In(S)/dt (c4H8 
H sec -1 loou mole an03 c4H8 - 

0- 8.45 
0.0011 4.93 

0.0154 ' 3.a 
0.0226 2.70 

0.0750 1.88 

0.0018 , 4.05 

0 

13.6 

18.5 
24.6 
28.7 

37.8 

!rABIE xxv 
Trans-butene-2 Experiments 

0.18 
0.28 
2.46 
3.62 
12.0 

Reactants : C4H8#H Linear F- Rate: 220 cm see-' 
Temperature 23°C Total Pressure: 0.432 ppll 

Initial (%): 2.34 x loo8 mole ano3 

Mole $ 

4H8 

Mole $ 

H 

- 
0.0246 

0.0411 

0 0512 
0.101 
0.194 
0.320 
0.612 

0.466 
0.663 

11.1 

4.27 
3 945 
3.09 
2.69 
2 -34 
2.04 

1-78 
1.44 
1.14 

7 "  

lo-'' mole an03 -1 se c 

- 
20.1 
24.0 

26.3 
29.1 
32.0 
34.8 
37.6 
42.0 

46.7 

0 

. 0.58 

0.96 
1.20 

2.36 
4.54 
7.49 
14 .3 
10.9 

15.5 
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Reactants: CO, EI Ltnear FM wte: 24.4 Qp 

Temperature : 28OC Total Pressure: 0.43 mn 

Initial (I(,,): 8 2.3 x 10 mole ano3 
c 

Mole 6 
co - 
0 

0.002 

0.oog 

0.034 
0.0% 

0.156 

8.0 
7.5 
7.0 
7.0 
7.1 
7.0. 

(CO) 

sec lo-umole Qp-3 

w 0 

1.6 0.04 
3 03 0.21 

3 03 0.79 
3.1 2.1 

3 *3 3-6 

Carbonyl Sulfide Experiments 

Reactants: m, H IXIlear Flow Rate: 
Temperature : 28'~ Total  Pressure: 

Initial (&): 8 2.3 x 10 mole ano3 c 

Mole $ 
COS - 

0 

0.003 

0.007 
0.019 

0.040 

0.088 
0.138 
0.328 
0.530 

Mole $ 
H 

10.0 

7.2 
, 6.5 

5 .o 
3.8 
2.6 
2 02 

1.6 

- 

0.94 

d In(H)/dt 
seeo1 lo- --I++ mole Qp 

0 

8.0 
10.3 
16.4 
23 .o 
32 02 
36 02 

55.6 
43 .O 

0 

0.07 
0.17 
0.44 
0.92 
2.03 

3.17 
7.55 

I 2  02 
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l3ma.r Flaw Rate: 
'pots1 ?ressure: 0.43 mn 

239 an secol Reactants : 
Temperature : 
Ini t ia l  (%): 2.3 x log8 mole ano3 

- 
0.072 
0.124 ' 
0.139 
0.296 
0.459 

10.3 
3 -3 
1.0 
1.4 
0.81 
0.57 

- 
28.9 
58.0 
50.0 

60.0 

74.5 

- 
1.65 
2.85 
3 02 
6.8 

10.6 

Carbowl Sulflde Experiments 

=near Flaw Rate: 279 an sed' 
Tota l  Pressure: 0.43 m 

9, Reactants: 
Temperature: 92 C 

COS - 
0.007 
0.020 
0.057 
0 . 114 

H 

6.8 
2.0 

1.5 
1.1 

0.54 

- 
-1 sec logu mole an-3 

.. 
32.6 
41.0 
49.8 
68.4 



. Linear Flow Rate: 2.56 x 18 an sed'  '2'6, Reactants : 

Temperature: 24OC To-1 Pressure: 0.45 mm 

Initial (5): 2.44 x loo8 mobs -03 

M o l e  

c2H6 

9 Mole e 
H 

0.0 

0.0446 
0.0617 
0-0664 

0 

1-09 
1.51 

1.62 

4.89 
4.78 
4-75 
4.86 

0.101 2.46 4- 75 
0-127 3.11 4-75 
0.155 3 078 4.75 

The variations in mole 6 H shown here are not significant because the observed 
variation ie less tlrrn the estimated error, f 0.3, in determining mole e H. 

0 

Ethane Experiments 

-ear F- mte: 3.95 x 102 an sec -1 Reactants : c2H6b H 

Temperature : 75OC Total Pressure: 0.45 mu 

I n i t i a l  ( ~ 2 ) :  2.08 x loo8 moles m=3 

Moles 

'zH6 

Mole e 
H 

0.0 

0.0086 
0.0157 
0.0312 

0 

1.79 
3 -28 
6-50 

3-49 
3-77 
3 -77 
3 -28 

0 0713 ' . 14.8 2 079 
0.156 32.4 3.35 
0.19 40.0 3 032 

VarhtlOa IS k S S  *ban the estinvrted 
The variations in mole $ H Shown here are not significant because! the observed 

f 0.6, in de- m O h  $ H. 
~~ 



R e a c t a n t s :  
Temperature : 

c Initial (SI: 

Mole 9 

0 
0.00117 I 

I 
0 . 00179 
0.00410 
0.00835 
0.0282 

0 0.0454 
0.0784 
0.1'13 

-1 mar FM ~ t e :  

Total Pressure: 0.45 rrrm 
3.96 x 18aa sec 

c2Er 170 C . 

1.58 x lO?,leS an-3 

Mole 46 
H 

- 
0.185 
0.283 
0.648 
1.32 
4.46 
7.19 

12.4 
27.3 

3.47 
3.07 
3 *34 
3 034 
3 062 
3-62 
3.77 
3.77 
3.07 

The variations in mole $ H sham here w e  not significant because the observed 
variation is less than the estimated error, f 0.4, in determlnlng mole 46 H. 

TABU3 -11 
stbylene Experiments . 

Reactants : C2H43 H 

Temperature : 24OC Total Pressure: 0.448 mm 
Initial  (5): 2.35 x IO-' moles an03 

w FM Rate: 2.48 x 102o1 sec'l 

Mole 9 
v 4  - 
0.0 

Mole 46 d In (H) /dt 
H sec-' 

5.84 0.0 
1 

0.00946 4.77 10.6 
0.0144 3.98 16.2 

0 0.0376 3 037 21.2 
0.035 
0 091 



R e a c t a n t s :  

!Temperature: 

Initial ( I$)  

Mole e 
'2"4 

0.0 

- 
0.00109 

0.00233 
0.0214 
0.130 

0.467 

Reactants: 
Temperature : 
I n i t i a l  (%): 

Mole $ 

C2H4 - 
0.0 

0 . 00936 
0.0271 
0.0432 
0.121 

0 233 

3.94 
3 0 0 6  
3.10 
2.71 
1.68 

0.0 

8.0 
0.2 

32.9 
29.2 

-. 

0.022 
0.047 
0.439 
2.66 

0.46 73.5 9.59 

TABU3 XMN 

Ethylene Experinrents 
-1 C2x4. H 

167. O°C T o t a l  Pressure: 0.436 mm 
1.63 X mole 

=near FW mte: 3.92 x 102- sec 

2.35 0.0 

2.24 2.0 

1.05 32.5 
1.51 17.9 
0.671 50.5 
0.14 113 e o  

. -  
0.153 
0. 442 
0.704 
1.97 
3.80 



TABLE XXXVI: 

Ethylene Experiments 

. 
Reactants : C2H4) H Linear Flow Rate: 363 can aec" 

Temperature: 22OOC Total Pressure: 0.392 am 

Initial (H2): 1.27 x 10-8mola 

0.0 ' 1.87 0 .o - 
0.0011 1.62 3.8 0.14 

0.0067 1.44 6.9 0.85 

0.0185 1.15 12.9 2-35 

0.0204 

0.0427 

1.33 9 .o 

0.72 25.1 

2 S 9  

5.42 

TABLE XXXVII 

Ethylene Experiments 

Reactants: C H H Linear Flow Rate: 415 cm sec-' 

Temperature: 291.C Total Pressure: 0.392 am 

Initial (H~): 1.12 x 1oo8mole cmo3 

2 4' 

Mole % 

C2H4 
- 

set H1 

0.0 2.04. 0 .o 

0 0.0063 1.96 9.4 

0.0414 0.60 39.9 

0 00 

0.70 

4.64 ' 



Ethylene Oxide Experlments 

Reactants: C2H40, E 
Temperature: 25% Total Pressure: 0.432 ma 

Initial (H2): 2.34 x 10-8mole Cmo3 

Linear Flow Rate: 230 cm sec" 

Mole X Hole X d In (H)/dt ( c2H40) 

10-llmole -1 c-n. o H sec -. 2 4  

0.0537 

0.0694 

0.0994 

5.65 

4.92 

4.33 

17.1 

21.5 

23.9 

1.26 

1.62 

2.32 

0.278 3.84 26.9 6 .SO 

0.466 6.20 24.7 10.9 0 
TABLE XXXIX 

Fluorobenzene Experiments 

Reactants: C6H5V, H 

Temperature: 31OC Total Pressure: 0.386 mm 

Linear Flow Rate: 228 cm sec-' 

0 .o 3.25 0 .o 2.43 0 .o -- 
0.0015 2.48 8.1 0.96 12.3 0.31 

0.0033 2.07 13.5 0.73 15.9 0.68 

0.0104 1.68 19.8 

0.0275 1.42 24.8 

0.42 

0.26 

23.2 

29.6 

2.12 

5 -61 

0.0434 1.07 33.3 0.13 38.8 8.83 

The subscript 1 refers to data obtained at the first gauge and 2, to data 
obtained at the second Wtede gauge port, 9.6 cm downstream. 



TABS XL 
Hexenel Experiments 

Linear Flow Rate: 189 cm sec-' '6'12' Reactants: 

. Temperature: 24% Total Pressure: 0.26 mn 

Initial (€I2): 1.40 x 10-8mole c~n'~ 

Mole (c6H12) Mole% Mole X kc 

Hexene-l 

0 .o 0 00 5.96 4.02 * 
10-~~mole cmo3 % H2 1 o1 cm3mo le sec-l - .- 

0.0041 0.57 2.12 1.41 * 
0.0099 1.39 2 .oo 1.65 * 
0.0379 5.31 1.35 1.06 . 1.15 

0.107 15 .o 0.957 0.598 3.60 

average 2.4 

TABLE XLI 
Methane Experiments 

Reactants: CH4,H Linear Flow Rate: 414 cm sec-' 
Temperature: 240.C Total Pressure: 0.43 PIP 

Initial (H2): 1.35 % 10-8mole cm -3 

0.009 5.2 4.3 8.2 4.0. 0.12 
0.023 4 05 3.4 13.2 7.9 0.31 
0.051 4.3 3.6 14.3 7 .O 0.69 
0.069 4.1 2.9 16 .l 11.2 0.93 
0.125 4.1 3 .O 15.7 10.6 1.69 



TABLE XLII 
Methyl Alcohol Experiments 

Reactants: CH30H,H Linear Plow Rate: 218 cm see" 

Initial (a2): 2.28 x 10 mole cm 
Temperature: 31OC Total Pressure: 0.43 ann 

-8 -3 

Mole 'L Mole X d h  (H) /dt 
-1 CH30H H sec 

- 6.8 - 
0.002 6.4 0.7 
0.004 5.7 1.9 

-11 -3 10 mole cm 

- 
0 .os 
0 009 

0.018 I 4.5 4.7 0.41 
0 .OS6 3.6 7.3 1.29 
0.124 2.8 9.9 2.83 
0.352 2.7 10.4 8.03 
0.571 2.5 11.4 13 .O 

0.80 2 .5 11.4 . 18.3 
1.06 2.5 - 11.4 24.2 

e 

TABLE MI11 
-Nitrogen Experfments 

Reactants: N2, H 
Temperature: 25OC Total Pressure: 0.421 prm 

Initial (a2): 2.26 x 10 mole cm 

Linear Flow Rate: 222 cm set" 
-8 -3 

Mole X 

N, L - - 10.9 - 
0.011 10.9 0.25 
0 -061 10.9 1.38 
0 . 603 10.8 13.6 

52 d 



0 TABU XLIV 

Nitrogen Experiments 

Reactants : N2. H 
Temper a tu r  e : 
I n i t i a l  (H2): 1.37 x 10 mole cmo3 

222' C 
-8 

Mole X Hole X 
H 

4.1 
0 .OS3 4.1 
0.54 4.1 

- N2 - 

Linear Flow Rate: 387 cm sec" 

Total Preeeure: 0.422 mm 

0.73 
7 04 

TABLE XLV 
Propylene Experiments 

Reac tan ts : c3H6, 
Temperature: 26'C Total Pressure: 0.246 mu 

I n i t i a l  (H2): 1.43 x 10 mole cm 

Linear Flow Rate: 188 c m  eec" 0 
-8 -3 

Mole % ( C3Hd Mole% H Mole X R (Hl) /(H2) 

C3H6 10-llmole c m  -3 (detector 1) (detector 2) - 
0 .o - 5.10 3-03 1.68 

0.0097 0.139 4.45 2.32 1.92 
0.0530 0.759 3 -80 2.05 1.85 
0.154 2.20 3 .OO - 1.69 1.77 
0.294 4.21 2.27 1.64 . 1.38 
0.603 8.63 2.02 1.24 1.63 

1.31 18.7 1.13 0.71 1-59 

. 

53 . 



TABLE XLVI 
Propylene Experiments 

Reactants: C3H6, H 
Temperature: 119% Total Pressure: 0.264 am 

I n i t i a l  (H2): 1.08 x 10-8mole 

Linear Flow Rate: 246 c m  sec" 

Mole X 

C H  

0 .o 
0.0053 
0.0459 
0.188 

36 

Mole X H 

(detector 1) -11 IO mole 

- 5 e 5 7  

0 -0574 4 .OS 

0.497 2.11 

2 0 0 4  1.70 

Mole X H 
(detector 2) 

4.40 
3.22 
1.91 
0.36 

Propylene Brperiments 

Reactants: C3H6j H 

Temperature: 183OC 

In i t ia l  (H2): 9.29 x 10" mole c m  - -3 

Mole X 

Linear Flow Rate: 

Total Pressure: 0.264 mp 

307 c m  sec-' 

Mole X H 

(detector 1) -3 l0-"mole cm C3H6 - 6 

0.0 - 4.90 
0.0060 0 .OS56 3.85 
0.0094 0.0872 3 .OS 
0.0308 0.286 2.57 

0.168 1.56 1.29 
0.856 8.04 1.03 

- 

C 
k Mole X H 

(detector 2) cm3mole .sec -1 -1 

5 -37 * 
3.40 * 
2.83 * 
1,. 70 * 
1.13 2.64 x l o l l  
0.566 2.36 x 10l1 

11 average 2.50 x 10 



e 

TABU XLVIII 
Propylene Experiments 

Reactants : '3'6, ' 
Temperature: 249OC 

-3 Initial ( ~ ~ 1 :  8.ii x mole cm 
& 

Mole X 

C3H6 

A. 0.0 

0.0080 

0.0232 
0.0696 
0.1250 
1.12 
1.76 

I 

B. 
0 

0.250 
- 

0 
. -  . 

,. 

Linear Flow Rate: 
Total Pressure: 0.264 llll~ 

351 cm sec" 

('sH66) HoleXH ' MoleXH 
10-''mole (detector 1) (detector 2) 

0.0646 
0.188 
0 .S65 
2.03 
9.09 
14.2 

10 .oo 
5 .OO 
2.03 
2.00 - 14.2 

5.65 
4.62 
3.60 
3.22 
2.57 
2.57 
2.31 

2.4 
2.s 
2.6 
- 

5.66 
3.96 
2.83 
2.83 
1.70 
0.85 
0.8s 

0.90 
1.3 
1.7 
- 

3.2 
4 03 
5.7 
4.2 

TABLE XLIX 

Vinyl Chloride Experiments 

Reactants: C2H3Cl, H 
Temperature: 26OC 

-1 Linear Flow Rate: 
Total Pressure: 0.388 lllp 

223 cm sec 

-8 Initial (H2): 2.08 x 10 mole 

Mole % 
C H C1 

0.0 
0.0370 
0.0540 
0.0712 
0.0773 
0.116 
0 . 195 
0.253 
0.338 
n 1.w. . q .  . 

23 

Mole X 
H 
4.71 
2.58, 
1.91 
1.62 
1.23 
1.41 

- 
d ln(H)/dt 

see 
- 

0 
12.8 
19.2 
22.6 
28.5 

.. 25.4 

- 
0.774 
1.13 
1.48 
1.61 
2.42 

;g 
Q - in  



TABLE L 

0 Vinyl Chloride Experiments 

Reactants: C2H3Cl, H 

Temperature: 75'C 

Linear Flow wte: 
Total Pressure: 0,388 mn 

260 cm sec-' 

I n i t i a l  (H2): 1.79 x 10-8mole 

Mole X Mole X d ln(El)/dt Mole X d ln(H2) /dt (C2H3C1 

C H C 1  sec 

0 .o 3.71 0 .o 3.81 0 .o - 
0.0135 2.67 8 .O 2.32 6.2 

- loalmole c m  -3 sec H2 23 .- 

0.242 

0.0540 2.32 10.9 1.47 11.9 0.965 

0.140 1.74 . 17.5 0.84 18.9 2 S O  

0.223 I 1.28 24.7 0.80 19 e 5  3 099 

0.391 0 .55 44.3 - - 7 .oo 

TABLE L I  

Vinyl Chloride Experiments 
-1 Reactants: C2H3Cl, H Linear Flow Rate: 317 cm sec 

Temperature: 153OC Total Pressure: 0.388 tmp 

-3 In i t i a l  (H2): 1.46 x 10-8mole cm 

Mole 7. 

C2H3 

Mole X 
H 

- 2.78 0 .o - 
0.0113 2.32 4.9 0 165 

0.0498 1.47 16 -7 0 . 726 

0.204 0.90 . 29.9 2.98 

0.315 0.7s 34.7 4.60 

0.461 0.43 49 e s  6.72 

56 



TABU LII 
1,3-Butadiene Experiments 

. I  

Reactants: c4E6# Linear Flow Rate: 170 an sec" 

Temperature: 3OoC Total Pressure: 

Initial (E9): 1.20 x 1Oo8mole cmo3 
& . 

Mole % 

c4H6 - 
I 

0.0036 
0 -0043 
0 .0055 
0.0067 
0.0276 
0.0295 
0.0428 
0.0436 
0.0824 
0.0980 
0.128 
0.150 

Mole % 
H 

d In (H)/dt - 
see 

~ 

14 .4 
4.18 
3.88 
4.18 
3.56 
2.94 
2.94 
2.64 
2.94 
2.02 
1.94 
1.94 
2 002 

- 
10.9 
11 .6 
10.9 
12.4 
14.0 
14 .O 

1s .o 
14 .O 

17.4 
17.8 
17.8 
17 .4 

0.226 am 

- 
0.04 
0.05 

0.06 
0.08 
0.33 
0.35 
0.51 
0.52 
0.99 
1.17 
1.54 
1.80 

. 

97 



Reactants: c4H6p H 

Teaperature: 30.C 

TdBlg L I I I  

lD3-Butad1ene Experiments 

-8 -3 
I n i t i a l  (Si2): 1.61 x 10 mole cm 

. Mole X Mole X 
CIHh .H 

- 13 .O 

0.0486 2 -36 
0.139 2 -38 
0.245 1.79 
0.486 1.45 
0 a909 0.99 

I 

Linear Plow Rate: 197 c m  sac'' 

Total Pressure: 0.31 am 

0 

24.2 
24.1 
28.2 
31 .1 
36.5 

TABLE L N  
lD3-Butadiene Experiments 

Reactants: C4H6D Lfaear Plow Rate: 

- 
0.78 
2.24 
3.94 
7.76 

14.6 

-1 275 cm aec 

Temperature: 3OoC Total Pressure: 0.68 IPP 

I n i t i a l  (a2): 3.60 x 10 mole -8 

Mole X Mole X 

'4"6 H - - - 8.92 

0.0632 3.04 
0.218 2.28 
1 a 3 4  1.71 
1 .xi 0.76 

* . sec , 

- -  
39 04 
50 .o 
60.5 
90.1 

- 
2.28 
7 a 8 5  

48.3 
55.8 

58 ' 



TABLE LV 
1,3-&1tadiene Weriments 

Reactants : c4H6, E Linear Plow Rate: 304 cm sec-’ 

Temperature : 3OoC Total Pressure: 0.99 mn 

Initial (H2) : 5.22 x 10°8mole cmo3 - 
. Mole% 

c4H6 - 
0 

0.0098 
, 0.0916 
’ 0.0939 

0.478 

3.2 43 .O 0.57 
2.48 53.6 4.78 
2.48 53.6 4.90 
1 .5s 76.2 25 .O 

TABLE LVI 
1,3-Butadiene Rxperiments 

Reactants : c4H6# EI Linear Flow Rate: 104 cm sec” 

Temperature: 30.C Total Pressure: 0.99 mm 

Initial (a2) : 5 .22 x 10-~mole cmo3 

- 
0.006 3.72 8.35 0.33 
0.0103 3.10 10.2 0.53 
0.0312 2.48 12.6 1.63 
0.0647 2.08 14 .5 3.38 
0.264 0.93 22.8 13.8 

. 
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TABLE LVII 
1,3-wrtadiene Pressure Variation Experiments 

Pressure 

0.226 

0.99 
0.99 

0.31 0.78 
0.43 1.1 

. 0.43 0.91 
0.68 0.86 

1.15 
0.86 

I TABLE LVIII 
Ethylene Experiments 

-1 Linear  E’I.OW Rate: 206 cm sec c2%, Reactants : 

Temperature : 25OC Total Pressure: O.3& nun 

Initial (H2) : 1.65 x 10 mole cm -8 -3 

d ln(H)/dt 
-1 sec 

- 
0.0183 

0.0773 
0.128 
0.225 
0.348 
0.493 

0 . 0317 

4.97 
3 0 4 8  
3 
2.45 
1.93 
1.62 
1.24 
6-87 

- 
5.7 
7.5 

l l .4  
15.2 
18.0 

22.3 
27.9 

- 
0.30 

0.52 
1.28 
2.12 

3.72 
5.75 
8.15 
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TAXE LVM 
EXhylene Experiments 

Reac  tant 8 : c2%, Linear Flow Rate: 208 cm sec-' 

Temperature : 25OC Total  Pressure: 0.408 nun 

Initial (5): 2.u  x mole an-3 

Mole $ 

c2% 
- 

0.0089 
0.0133 
0.0241 
0.0609 
0.220 

0.352 

/ 

=%P= sec 

5.10 
4.80 

3.58 
2.55 
1.88 
1.48 

4.13 

- 
1.2 
4 .O 
6.9 

13.5 
19.5 
24.2 

TABU Lx 
Ethylene Experiments 

-1 Reactants: C A ,  H Linear Flow Rate: 244 cm aec 

Temperature : 25OC Total Pressure: 0.561 mm 

Initial (H2): 3.02 x mole cmo3 

Mole 4 
'2'4 

* see 

- 
0.0070 
o . 0131 
0 . 0246 
0.0460 

0 . 0718 
0.131 
0.1% 
0.406 

4.06 
2.67 
2.20 
1.86 
1.47 
1.36 
1.16 
1.04 
0.81 

12.6 
18.4 
23.5 
30.4 
32.9 
35.9 
40.7 
4 8  b 4  

- 
0.21 
0.40 
0.74 
1-39 
2.16 
3-96 
6.00 

12.3 



- -  Pressure 

mm 

0.304 
0.408 
0.448 

0.561 

T/OC 

22.5 

73 

1.67.6 

241 

I 

2.1 

1.7 
2 02 

1.7 

TABU3 IXII 
Acetylene Experiment Rate Constants and 

Activation Energy 

l o  1 T/'K T- / K- -1 -1 
kc/ctn3 mole-' sec EA/k cal A'/an3 mole-' sec 

11 296 3.38 10-3 1.5 x i o  

346 2.89 10-3 1.2 lo l l  

441 2.27 10-3 3 . 3  LO 11 
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TABLG IXIII 
Allene Experimental R a t e  Constants 

and Activation Energy 

T'l/%'l kc/cm3mle'1sec~1 EA/kcal mole-' 

11 

11 
3.3 10-3 1.5 10 

TPC T ~ I C  

30 303 

88 361 

185 458 

- 3.4 

TABLE IXIV 
Eqxrimental Rate Constants and Activation I 

Energies for 1.3-Butadiene 

A ' / ~m~mole~~sec '~  

3 -1 -1 ~ ~ / k c a l  mole-' ~'/crn 3 mole -1 sec -1 kc/cm mole sec 

0.9 x lou 
11 1.1 x 10 
11 98 37l 2.69 x loo3 3.1 x 10 

466 2.14 10-3 1.2 10 12 193 

4.0 

TABLE: Ixv 
Benzene Experimental Rate Constants 

and Activation Energy 

13 9.3 x 10.  

TPK T'l/%'l kc/cm3mole-1sec'1 EA/kcaI mole-' A '/cm 3 mole -1 sec -1 - 
12 

393 2.55 x 6.5 x LOu 

295 3.39 10-3 2.7 10 

510 1.96 10-3 3.0 10~3 

2.0 9.6 1 0 ~ 3  
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28 301 

74 347 

159 432 

167 440 

220 493 

291 564 

TABIE IXVI 
Experimental Rate Constants and Activation 

Energies for Cis-butene-2 

kc /cm3moleo1sec 

3.32 x loo3 3.2 x lou 

3 -1 -1 A ’ / c ~  mole sec 

TABLE IXVII 
Ethylene Experimental Rate Constants 

and Activation Energy 

13 2.8 3.1 x i o  

2.27 10-3 2.88 lou 

1.73 10-3 1.05 1 0 ~ 3  

l2 2.03 x loo3 4.1 x 10 

14 4.7 5.6 x i o  

TABLE LXVIII 
Propylene Experimental R a t e  Constants 

.. and Activation Energy 

3 -1 -1 
T/OC TPK T”fKol kc/cm3mole-1sec EA/kCal mole-’ AO/cm mole sec - -  
183 456 2.19 x loo3 2.5 x lou 

ll 249 522 1-92 10-3 4.2 10 



T/OC - 
26 

75 

153 

V i n y l  Chloride Experimental Rate 

Constants and Activation Energy 

11 426 2.35 10-3 5.5 10 
I 

1-31 2.8 x lou' 

SmiXl. Tube Memeter Etbylene Experiment 

-1 Linear  Flow Rate: 714 cm sec 
c2%3 Reactants: 

Temperature : 25OC T o t a l  Pressure: 0.304 mm 

Flow Tube Diamete r :  2.6 cm Initial (H2): 1.66 x mole cm -3 

Mole $ 

'2*4 

- 
0.0027 

0.0073 
0.0178 
0.0422 

0.114 
0.163 
0.220 
0 425 
0.658 

Mole $ 

H1 

6-94 
4.23 
3.66 
3.10 
2.67 
2.44 
2.08 

1.77 
1.74 
1-74 

- 
d ln(E)/dt 

-1 sec mole cm -3 

- 
77 
91 

log 
124 
134 
149 
165 
167 
167 

0.044 
0.12 . 

0.30 
0.70 

1-89 
2.71 
3.65 
7.05 
10.9 



Reactants : 

Temperature : 

I n i t i a l  (Q: 

Mole e 
‘2”4 

~~ 

- 
I 

0.124 

0.155 
0 293 
0.466 
0.666 

Reactants: 

Temperature : 

Initial (I$): 

BF3 

Mole e 
- 

= 

0.075 
0.306 
1.10 

1.81 

c2H4J E 

25OC Total Pressure: 0.389 mu 

2.1 x loo8 mole a-3 Flat Tu” Diameter: 2.6 cm 

Wsear Flav Rate: 849 an 8ec-l 

Mole 

H1 

6 .E 
3.01 
2.54 . 
2.36 
2.28 
2.28 

- 
- 

2.60 
3.26 
6.15 
9.80 

14.0 

Boron Triflwride Experiments 

m3, H 
28OC Total Pressure: 0.43 mm 

ILnear Flow Rate: 236 an sec” 

10.3 
32.2 

0 

m - 
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Boron Trifluoride Eqeriments 

3’ Reactants : 

Temperature : 28 c 
Initial (%): 

Mole $ Mole $ mle $ 

2.3 x loo8 mole cmo3 

.% - 5 - BF3 - - 12.1 9.3 
0.013 13 -3 11.0 

0.033 13.4 11.1 
0.074 13 03 11.2 

I 

0.01ow 0.0 0.0 

F- wte: 236 (pl sed1 
T o t a l  Pressure: 0.43 PPP 

*Eqeriment with micruwave generator turned off. 

TABIE IXXN 
Carbon Tetrafluoride Experiments 

Reactants : CF4r H 
Temperature : 30°C 
Initial (%): 2.3 x 10 mole ano3 

Mole Mole $ Mole 8 

- 
0 5.5 4.85 

0.034 6.4 . 0 

00 187 6.9 6.2 
1.09 - 6.3 

0 - 6.3 

=near FW mte: 248 cm sec’l 

Total Pressure: 0.43 PHI 

)r 

sec 
- s - r  

3.1 . 

2.8 

0 

0 

0 
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TABm fJDN 
Nitric O a d e  Experiments 

Reactants: NO, H  near FW mte: 2.30 x 102 cm sec-l 
Temperature : 24OC Total Pressure: 0.4l2 nun 
Init ial  ( I$ ) :  2.22 x loo8 Moles cm-3 

NO 
I 

0.0 

0.00345 
0.0269 

0.127 
0.0634 ' 

Mole $ 
H 

2.88 
4.09 
5 2 6  
6.15 
6.05 

0. 500 7.48 -63.5 ' 11.1 

0.0 
0.0 

0.0 
0.0 

a Eqeriments for which tbe microwave discharge was turned off; thus no H 
atoms were present. 

TABU IXXYI: 

Nitric O x i d e  mriments  

I 

I 

2 Reactants : IO, H F- mte: 3.24 x io an sec-l , 

Temperature : UO0C Total Pressure: 0.435 llpp 

Mole 8 
NO 

0.0 

0.0184 
0.0365 

0.310 
0 0841 

0.0 0.0 

-25 5 0.326 
-39.2 0.646 . 

052.5 1. 49 
-70.6 5.49 
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Mole 96 . 

H2° - 
- 
0.0074 , 

o.oll2 ' 
0.0174 
0.om 
0. ogl6 

M o l e  96 
H1 - 
11.0 
11.0 
11.4 

8.9 
11.6 
10.9 

10.3 
10.2 
10.8 
10.2 
10.8 
10.1 

- 
1.66 

2.53 
3.93 
4.08 
20.7 

(b 1 
Reactants : 50, H Idnear Flow Rate: 410 an sec-' 
Temperature : 224OC Total Pressure: 0.422 mn 
Initial (€I2): 1.38 x loo8 mole cmo3 

- 
0.0169 

0.0398 
0.0876 

3.3 
4.6 
6.2 
8.1 

2.8 - 
4.1 2.34 

6.2 5.50 
8.5 12.1 
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. 

Pressure m 

mm cm sec -1 - - 
0.371 236 
0.371 137 
0 371 64 
0.371 24 

!CAB= IxxvIg 

Surface Rate study Results 

2.55 2.02 
3.07 2.20 
3.60 2.58 
4.35 3 0 0 8  

-I -I sec sec 

Y 

5.6 8.0 0.3 

2 02 7.1 0.7 
0.0 6.2 0.87 

4.7 9.4 0.5 

I 

The diffusion coefficients for Hare taken from Weissman and Msson, J. Chem. Pbys. 

36,794 (1962). 
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.. 
Sorbed Species 

TABLE IXXM 

- CH = CH - CJ (trans) cH3 

CH2 - CH2 

, CH2 = CHCA 
I 

CH2 = CH - CH = C 5  

CH2 = C - C% 

‘6’6 

k’ysec-l  

14 

16 

18 

31 

31 

35 

7 1  
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0 FIG. 2: NOZZLE DESIGN CONCEPT 

. 

CONVERSION OF 
CHEMICAL ENTHALPY 
TO JET KINETIC 
ENERGY. 
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ENERGY 

PROPELLANT PERFORMANCE 
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(@ 3 0 0 0 O K )  
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THAT RECOMBINE IN NOZZLE. 
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FIG. 6 : METHYL ALCOHOL EXPERIMENT. 
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FIG. 9 : ACETYLENE EXPERIMENTS 
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FIG. IO f ALLENE EXPERIMENTS 
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a FIG. 27 : ETHYLENE PRESSURE VARlATlON EXPERIMENTS. 
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